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Introduction
Laser-driven plasma-based accelerators were originally proposed in 1979 by Tajima and Dawson
[Tajima and Dawson, 1979]. The main appeal of plasma medium for electron bunch acceleration
is the fact that, being the plasma an ionized fluid, it does not impose any breakdown limitation
to the electric fields that we can excite in it. Laser-plasma acceleration (LPA) experiments have
demonstrated acceleration gradients of more than 100GV/m, three order of magnitude greater than
those created in the radiofrequency cavities of conventional accelerators.
Hence, we might expect LPA technique to be able to provide bunches of accelerated particles
with energies comparable to the ones provided by conventional accelerators, and to obtain this
result with a device of very reduced dimensions and costs. Unfortunately, things are not so simple,
and up to day researchers working on this subject are still facing the necessity of extending the ac-
celeration lengths [Esarey et al., 2009], in order to produce electrons in theGeV range, of reducing
the bunch energetic spread and divergence, and of improving the stability and the “shot-to-shot”
reproducibility of this technique.
The physical mechanism, exploited to create the accelerating electric fields, is the excitation
of electron plasma waves. The electric field related to a plasma wave shows two characteristics
required for particle acceleration to ultra-relativistic energies: it is longitudinal (i.e.: parallel to the
wave propagation direction), and it has a phase velocity that can be made very close to the light
velocity in vacuum.
An electron plasma wave is a periodic space-time perturbation of the electron plasma density
that develops and propagates over the neutralizing background of the ions, which are assumed
stationary because of their mass. In order to excite a plasma wave, it is necessary to exploit a force
capable of facing the large Coulombian forces ensuring plasma neutrality (and playing the role of
the restoring force). In LPA experiments, this force is provided by the ponderomotive pressure,
related to the large electromagnetic energy density gradient of an ultra-short, intense laser pulse
propagating inside the plasma.
Plasma wave growth by ponderomotive “expulsion” of electrons can be roughly explained by
making the similarity with a ship plowing through the water. Due to the ship impermeability and
the water incompressibility, the ship keel pushes away the water from the volume it is occupying
from time to time, creating a “wake” water density perturbation with a phase velocity equal to the
group velocity of the ship (restoring force is provided by gravity in this case). From this similarity
derives the name “Laser Wake-Field” (LWF).
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The main difference between the laser-plasma and the ship-water interaction is that plasma
is a resonant medium: plasma waves occur only at a specific resonance frequency, called plasma
frequency, proportional to the square root of the plasma density. So, if in the ship-water case the
effect is largely independent from the ship length, in the case of LWF excitation the laser pulse
length has to satisfy a resonance condition related to the plasma wavelength.
The LWF excitation by ponderomotive forces has become very convenient since the chirped-
pulse amplification (CPA) technique, pioneered by Morou and collegues more than two decades
ago [Strickland and Mourou, 1985], has provided Titanium-Sapphire (Ti:Sa) lasers of great power
(hundreds of TW), capable of delivering ultra-short (tens of femtoseconds) pulses. In fact, plasma
frequency scales with the square root of the density, hence plasma wavelength scales with its
inverse. Reducing the laser pulse length allows to work at higher densities, and we will see that
the maximum accelerating electric field of the plasma wave scales with the square root of the
electron density.
There are still problems to solve in order to achieve a LPA device able to compete with the
conventional accelerators. On the other hand, if laser-plasma accelerators of interest for high
energies physics are still far-off, LPA technique stirs up an increasing interest in other fields of
great social importance. To give an example, it is expected that in few years radiotherapy with
laser-accelerated electrons should improve the treatment of tumors [Giulietti et al., 2008].
In any case, most of the above-mentioned problems are related to the need of stabilizing the
process involved, and extending the acceleration lengths in order to increase the electron kinetic
energy. The first issue concerns the request of getting a better control of the electron injection in the
accelerating plasma wave. The second concerns the need to overcome the limits that optics impose
to the electromagnetic radiation concentration with respect to the length in which this concentra-
tion can be kept. Various solutions have been proposed in recent years. For example, acceleration
lengths can be increased using plasma channels created into glass capillaries [Esarey et al., 2009].
The results obtained in this way represent the record for electron energy, but this technique cannot
be used for high repetition rate devices (e.g. required for radiotherapy) because of the the limited
life-time of each capillary.
Another way to increase the acceleration length is to exploit some nonlinear effects that can
be excited during the pulse propagation inside the plasma, and that consist of local modifications
of the electron density and, consequently, of the refractive index, which can give rise to some
mechanisms of “refractive guiding” of the laser pulse [Gamucci et al., 2006]. An important issue
is to have a diagnostic tool of the interaction region capable of showing the presence of these
non-linear effects.
The present thesis is composed by four chapters. The first one consists of a general review
of LPA techniques. The physical mechanisms underlying plasma wave excitation, electron bunch
injection and acceleration are discussed. The dependence of the acceleration regime on the main
laser-plasma interaction parameters are introduced, and useful approximations for the maximum
accelerating field, the effective acceleration length and the maximum energy gain are calculated.
The most diffused targets for the focused laser pulse, plasma creation methods and electron bunch
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injection techniques are reviewed.
The second chapter concerns the effects related to the non-linear components in the plasma
refraction index on the laser pulse propagation. The so called “Source-Dependent Expansion”
method is used to solve the paraxial wave equation in order to retrieve an “envelope” equation
able to describe, under proper approximations, the evolution of the focal spot during propagation in
presence of the main non-linear effects: relativistic self-focusing, ponderomotive self-channeling
and ionization-induced defocusing. Some instabilities, triggered by those non-linear effects, are
reviewed, and their effects on pulse envelope and spectrum are discussed.
In the third chapter, the setup and the most important diagnostics involved in an experimen-
tal campaign devoted to electron laser wakefield acceleration, which has been carried out at the
Intense Laser Irradiation Laboratory (INO institute at CNR campus of Pisa), are described. The
reference case is acceleration in Nitrogen gas-jet. Some relevant experimental results are pre-
sented, and compared to those of a numerical simulation. The aim of this experimental campaign
is to demonstrate the possibility to accelerate reproducible, multi-MeV electron bunches with a
moderate power (2TW), table-top laser system, searching for the minimum conditions required to
obtain bunches with high charge and acceptable energy spread for possible applications.
In the fourth chapter, 90◦ Thomson Scattering of the laser pulse light by plasma electrons is
studied as a diagnostic tool of the interaction region. By analyzing the intensity profile of a 90◦
Thomson Scattering image, and by comparing it with numerical results, the presence of measur-
able signatures of the occurrence of non-linear propagation effects is found [Gibbon et al., 1996].
Importance and limits of 90◦ Thomson Scattering diagnostic are discussed. Moreover, a home de-
veloped algorithm for the wavelength estimation of the radiation incident on a CCD sensor from
image RGB values allows to measure large, progressive laser frequency upshift (≈ 300nm), shown
by Thomson Scattering images obtained for laser pulse propagation in a supersonic jet of N2 gas.
Frequency upshift is related to a “self-phase modulation” effect, due to the interaction between
the laser pulse and the ionization front [Rae and Burnett, 1992], created by the electric field of the
laser pulse itself while ionizing the gas.
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Chapter 1
Theory of laser acceleration of electron
bunches in underdense plasmas
The main characteristic making a plasma a medium suitable for electron acceleration is its capabil-
ity to sustain enormous electric fields. In fact, a plasma is an ionized fluid composed by ions and
electrons, and globally neutral. Being already ionized, there is not any breakdown threshold for
the electric field in it [Ostrovskaya and Zaidel’, 1974]. As a consequence, in a plasma accelerating
electric fields of more than 102GV/m can be obtained, three order of magnitude greater than those
created in the radiofrequency cavities of the conventional accelerators.
1.1 Plasma waves
A plasma is an ionized fluid composed by ions and electrons, and characterized by a global neutral-
ity. On the short timescale of our interest, the plasma can be considered as a non-collisional mean,
in which the electrons can oscillate at the so called plasma frequency [Krall and Trivelpiece, 1986]:
ωpe =
(
e2ne
0me
)1/2
, (1.1)
=
(
4pie2ne
me
)1/2
,
where ne is the plasma electron density, −e is the electron charge, me is the electron mass and 0
is the vacuum permittivity. The first result is valid in the MKSA system, the second in the cgs
system. The ions can be considered stationary on this time scale, because their mass is very bigger
than the electrons one. They provide the positive charge background necessary to guarantee the
plasma neutrality.
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1.1.1 Cold plasmas
In this section, plasma waves will be described in the cold plasma approximation, in which the
effects of the pressure can be neglected. Cold plasma approximation can be done when the wave
phase velocity vφ = ω/k is very larger than the plasma electron thermal velocity, that is when
the condition ω2/k2 >> kBTe/me is satisfied (ω/2pi is the wave frequency, k is the wavenumber,
kB is the Boltzmann constant, Te is the electron temperature). Let’s perform small perturbations
(∝ exp(−iωt)) on the system of equations composed by continuity, motion and Maxwell equations,
in order to do a time-dependent Fourier analysis. By indicating the unperturbed quantities with
the subscript 0, and the perturbed ones with the subscript 1, and by assuming small perturbations
(e.g.: ne = ne0 + ne1, ne1 << ne0), we have: [Krall and Trivelpiece, 1986, Gibbon, 2005]
∂ne1
∂t
= −ne0~∇ · ~v1, (1.2)
∂~v1
∂t
= − e
me
~E1, (1.3)
~∇ × ~B1 = −4piec ne0~v1 +
1
c
∂~E1
∂t
, (1.4)
~∇ × ~E1 = −1c
∂~B1
∂t
. (1.5)
From Eq. (1.3), ~v1 = (e/iωme)~E1 is found, which can be substituted in Eq. (1.4), obtaining:
~∇ × ~B1 = − iωc
1 − ω2peω2
 ~E1. (1.6)
Finally, by taking the time derivative of Eq. (1.6), and by making use of Eq. (1.5), we get:
ω2
c2
1 − ω2peω2
 ~E1 = ~∇ × (~∇ × ~E1) . (1.7)
Let’s now proceed to a 1D description, by taking the perturbed quantities as plane waves
(∝ exp[i(kx − ωt)]). Eq. (1.7) becomes:
~k ×
(
~k × ~E1
)
= −ω
2
c2
1 − ω2peω2
 ~E1, (1.8)
which can be expressed, by taking ~k = kzˆ, as
(
ω2 − ω2pe − k2c2
)
E1x, y = 0,(
ω2 − ω2pe
)
E1z = 0.
One possible solution is found by taking E1x, y = 0 & ω2 = ω2pe, which describes the case of
electric field oscillating in the ~k direction, that is a longitudinal wave. In this case, the phase
velocity vφ = ω/k can take an arbitrary value, whereas the group velocity vg = ∂ω/∂k is null. This
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corresponds to a situation in which the density perturbations oscillates “on-site” at the plasma
frequency, and do not propagate. Moreover, we notice that, since the electric field ~E is parallel to
the wave vector ~k, these waves have an electrostatic nature, that is no magnetic perturbations are
created. Electrostatic plasma waves are the plasma electron density perturbations we are interested
in for LPA, and are often called “Langmuir oscillations”.
The other solutions are found by taking E1z = 0 & ω2 = ω2pe + k
2c2, and describe electromag-
netic transverse waves propagating in the plasma with phase velocity vφ, and group velocity vg,
given by:
vφ =
ω
k
=
c√
1 − ω2pe
ω2
, (1.9)
vg =
∂ω
∂k
= c
√
1 − ω
2
pe
ω2
. (1.10)
From Eq. (1.9), the plasma index of refraction can be derived:
η =
c
vφ
=
√
1 − ω
2
pe
ω2
, (1.11)
while, from Eq. (1.10), it follows that an electromagnetic wave can propagate in a plasma only if
ω > ωpe, that is if the plasma density is less than a “critical density” value, depending on the wave
frequency ω, given by:
nc =
meω2
4pie2
≈ 1.1 × 10
21
λ2[µm]
cm−3. (1.12)
If this condition is satisfied, the plasma is said to be “underdense”.
1.1.2 Warm plasmas
For lower frequencies (ω2/c2 & kBTe/me), thermodynamical effects of the medium cannot be
neglected. Let’s take into account the pressure, assuming our timescale to be very short with
respect to thermal transport effects. By applying the previous plane wave perturbation method to
the system of equation:
∂ne1
∂t
= −ne0~∇ · ~v1, (1.13)
∂v1
∂t
= − e
me
~E1 − γ p0
men2e0
~∇ne1, (1.14)
~∇ · ~E1 = −4piene1, (1.15)
where p0 is the equilibrium pressure, and γ is a polytropic index, the Bohm-Gross dispersion
relation [Krall and Trivelpiece, 1986] is found:
ω2 = ω2pe + 3k
2v2th, (1.16)
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Figure 1.1: Trend of the electric field with respect to the density perturbation as a function of the
spatial coordinate (arbitrary units).
where vth, e =
√
kBTe/me is the electron thermal velocity. Eq. (1.16) implies:
vg = 3
k
ω
v2th, e, (1.17)
vφ =
ωpe
k
√
1 + 3
k2
ω2pe
v2th, e . (1.18)
The Bohm-Gross dispersion relation is used, for example, to study the propagation of ion-acoustic
waves in plasma.
1.1.3 Plasma wave electric field
An electrostatic plasma wave has been described as an “on-site” oscillation of plasma electrons
at the plasma electron frequency ωpe. The electron density perturbation can be related to the
longitudinal electric field.
Let’s describe the plasma wave as a density perturbation of the form δne = ne − ne0 =
δne sin(kpz − ωpt). Here kp = 2pi/λp is the plasma wavenumber, and ωp is the plasma wave fre-
quency, which is ≈ ωpe, and equal in the cold plasma approximation. By integrating the Poisson
equation:
~∇ · ~E = −4pieδne, (1.19)
we find a longitudinal electric field of the form (cf. Fig. 1.1):
~E =
4pie δne
kp
cos(kpz − ωpt)zˆ. (1.20)
Hence, the longitudinal electric field maximum value turns out to be:
Emax =
4pie δne
kp
. (1.21)
This is a nice result, because it allows to retrieve rough estimations of the electric field from
a plasma electron density modulation δne. For a plasma wave with vφ ≈ c, δne/ne0 ≈ 10%
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developing in a plasma of electronic density ne ≈ 1018 cm−3, the electric field turns out to be
E ≈ 10GV/m, very larger than the breakdown limited electric field of a rf cavity of a convetional
accelerator (tens of MV/m).
From Eq. (1.21), also a limit for the electric field achievable at a given plasma density can be
found. The maximum value for δne, corresponding to a density perturbation δne/ne0 = 100%, is
ne0. Let’s consider the cold plasma approximation (ωp = ωpe). By approximating the plasma wave
phase velocity vφ = ωp/kp ≈ c, performing the proper substitutions in Eq. (1.21), and rearranging
the result, we obtain:
E0 =
cme ωpe
e
≈ 96√ne0 [cm−3] [Vm
]
, (1.22)
which is the so called “Dawson limit” [Dawson, 1959, Esarey et al., 2009], or “cold non-relativistic
wave breaking field”, for the longitudinal electric field that a plasma of density ne0 can sustain. As
will be explained in section 1.4, wave breaking takes place when the fluid velocity exceed the phase
velocity, consequently destroying wave coherence. A typical plasma density of ne0 = 1018 cm−3
yields a maximum electric field E0 ≈ 96 GV/m, which is approximately three order of magnitude
greater than that observed in a conventional LINAC.
1.2 Plasma wave excitation methods
The LPA idea is to exploit the longitudinal electric field of a plasma wave to accelerate a bunch of
particles [Tajima and Dawson, 1979]. We have seen that a plasma wave is a periodical perturbation
of the plasma electron density, the phase fronts of which move at the phase velocity vφ. Our goal
is to excite a plasma wave with a phase velocity as close as possible to c, in order to accelerate
particles to relativistic energies.
In the next subsection (1.2.1), it will be shown that the ponderomotive energy, related to a
laser pulse, has the property to expel electrons from the regions of higher electromagnetic energy
density. The induced space-charge separation results in a restoring force, yielding to a plasma
oscillation at ωpe, which is the electrostatic longitudinal plasma wave we are looking for.
Since the source of the density perturbation is related to the intensity (∝
〈
E2
〉
) gradient of
the laser pulse via the ponderomotive force equation (1.31), introduced in subsection 1.2.1, the
velocity of the phase front of the perturbation is equal to the propagation velocity (i.e.: the group
velocity) of the laser pulse in the plasma:
vφ, plasma wave = vg, laser pulse = c
√
1 − ω
2
pe
ω2
= c
√
1 − ne
nc
. (1.23)
For an underdense plasma, the conditions ne << nc and vφ ≈ c are satisfied, as requested for
electron acceleration at relativistic energies.
Finally, we notice that, in order to have an efficient plasma wave excitation, a source able to
generate perturbations with a characteristic linear dimension equal to λpe = 2pi/ωpe, the charac-
teristic resonance length of the plasma medium, is needed. From its definition (1.1), we have that
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ωpe ∝ n1/2e . On the other hand, from the Dawson limit equation (1.22), we know that also the ac-
celerating field is proportional to n1/2e . In order to have an interesting energy gain, we thus need a
density perturbation source enabling to work at sufficiently high densities (it will be shown, on the
other hand, that densities cannot be too high because of the dependence of the electron dephasing
length Ld ∝ n−3/2e ). There are several methods to accomplish the request, giving rise to different
LPA schemes. A brief review of LPA schemes is provided in subsections 1.2.2, 1.2.3, and 1.2.4.
1.2.1 Ponderomotive force
In LPA, plasma waves are driven via the ponderomotive force of an intense laser pulse. Let’s
consider the electron fluid momentum equation in the cold limit:
d~p
dt
= −e
[
~E +
1
c
~v × ~B
]
, (1.24)
where ~p and ~v are the plasma fluid element momentum and velocity, respectively, and d/dt =
∂/∂t + (~v · ~∇). The electric and magnetic field of the laser can be written, in term of the vector
electromagnetic potential ~A, as ~E = −(1/c)∂~A/∂t, and ~B = ~∇ × ~A. Here and in the following, the
laser is assumed to be linearly polarized in the x direction, and to propagate in the z direction, e.g.
~A = A0 xˆ exp[i(kz − ωt)].
Let’s introduce the normalized scalar and vector potentials φ, ~a, defined as follow:
~a =
e~A
mec2
; (1.25)
φ =
eΦ
mec2
, (1.26)
where Φ is the electromagnetic scalar potential. In particular, a0, the so called “laser strength
parameter”, is defined to be the peak value of
∣∣∣~a∣∣∣ = eA0/mec2. It is an important parameter,
because its value defines if a non-relativistic (a0 << 1), or a relativistic (a0 & 1) regime of laser-
plasma interaction occurs [Esarey et al., 2009].
Let’s consider a linearly polarized laser pulse with a Gaussian radial profile of peak power Pp,
and waist size r0 (cf. [Svelto, 1998]). The peak intensity I0 can be expressed in term of the peak
power by I0 = 2Pp/pir20, and is related to the laser strength parameter by I0 = (pic/2)(mec
2a0/eλ)2
[Esarey et al., 2009]. The relation between the electric field peak amplitude EL and the laser
strength parameter can be derived straightforwardly from its definition to be EL = mecωa0/e. The
following approximated relations are useful for a first calculation of the experimental conditions:
a20 ≈ 7.3 × 10−19λ2
[
µm
]
I0
[
W/cm2
]
, (1.27)
P [GW] ≈ 21.5
(a0r0
λ
)2
, (1.28)
EL [TV/m] ≈ 3.21 a0
λ
[
µm
] . (1.29)
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Figure 1.2: Gaussian-shaped, longitudinal laser pulse profile for laser strength parameter a0 = 0.2,
and laser pulse FWHM length Lp = 20 µm.
Linear regime
In the 3D linear, non-relativistic limit (a0 << 1), the leading order electron fluid motion is de-
scribed by the quiver momentum equation [Esarey et al., 2009]:
~pq = mec~a, (1.30)
derived from ∂pq/∂t = −e~E. By taking a perturbation δ~p, such that ~p = ~pq + δ~p, the equation of
motion at the second order is given by the ponderomotive force ~Fp equation:
~Fp =
dδ~p
dt
= −
(
~pq
me
· ~∇
)
~pq − ~pq × (c~∇ × ~a) = −mec2~∇
(
a2
2
)
. (1.31)
The ponderomotive force is nothing else but the radiation pressure, that is the gradient of the
electromagnetic energy density.
Hence, the ponderomotive force expels electrons from the regions where the electromagnetic
energy (I ∝ a2) is larger. For example, for a Gaussian shaped laser pulse of strength parameter
a0 = 0.2, and laser pulse FWHM (Full Width Half Maximum) length Lp = 20 µm (shown in
Fig. 1.2), the corresponding longitudinal distribution of the ponderomotive force (1D case for
simplicity) is shown in Fig. 1.3.
Non-linear regime
In the 1D non-linear (relativistic) regime (a0 & 1), in which only the longitudinal dynamics is
considered, from the canonical momentum conservation law it is found:
~u⊥ = ~a⊥, (1.32)
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Figure 1.3: Longitudinal ponderomotive force for a Gaussian shaped laser beam (a0 = 0.2, Lp =
20 µm) in the linear limit (arbitrary units).
where ~u⊥ = ~p⊥/mec is the normalized “quiver” momentum of the electron in the laser field. The
non-linear (longitudinal) ponderomotive force turns out to be [Esarey et al., 2009]:
Fpz = −mec
2
2γ
∂a2⊥
∂z
. (1.33)
In the 3D non-linear regime, by considering a laser pulse propagating in an underdense plasma,
and with a spot size such that r0 & λp >> λ (λ is the laser wavelength), ~u⊥ ≈ ~a⊥ is found. By
defining δ~u = ~u−~a, the fluid momentum equation (for initial vorticity equal to zero) can be written
as [Esarey et al., 2009]:
∂δ~u
∂ct
= ~∇(φ − γ), (1.34)
where ~∇φ is related to the space-charge force, and ~∇γ is related to the generalized non-linear
ponderomotive force:
~FpN = −mec2~∇γ. (1.35)
Here and in the following, γ = (1 − β2)−1/2 is the Lorentz relativistic factor, β = v/c is the
normalized velocity. It was shown that, for an electron in the laser field, the leading order motion
is the quiver motion ~u⊥ ≈ ~a⊥. Hence, the Lorentz factor turns out to be:
γ ≈ γ⊥ = (1 − ~u2bot)−
1
2 , (1.36)
which for a linearly polarized laser pulse turns out to be [Esarey et al., 2009]:
γ⊥ =
(
1 +
a2
2
) 1
2
. (1.37)
By replacing this result in Eq. (1.35), it can be found:
~FpN = −mec2~∇
(
1 +
a2
2
) 1
2
. (1.38)
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1.2.2 LBWA - Laser Beat Wave Acceleration
Let’s consider two laser beams characterized by frequencies ω0 and ω1, and wavenumbers k0 and
k1, co-propagating in a plasma. If the following resonance condition [Rosenbluth and Liu, 1972,
Esarey et al., 2009] is verified:
|ω0 − ω1| = ωpe + ∆ω (1.39)
with 0 < ∆ω << ωpe (e.g. ∆ω ≈ 10−2ωpe), a plasma beat wave at frequency ωpe, and wavenumber
kpe = k0 − k1, is induced.
If the underdense plasma condition (ω0, ω1 >> ωpe) is respected, it is found for the plasma
wave phase velocity:
vφ =
ωpe
kpe
= lim
ωpe
ω0
→0
ω0 − ω1
k0 − k1 = vg, e. m. = c
√
1 − ω
2
pe
ω20
→ c, (1.40)
as needed for acceleration.
The ∆ω term in (1.39) yields a phase opposition between the ponderomotive force and the
plasma wave, which will have a disruptive effect on the wave after a time td = pi/ |∆ω|. Hence,
τL ≤ td is needed, where τL is the duration of the pulses. By taking td ≈ τL, a condition for LBWA
scheme is found:
∆ω ≈ pi
τL
⇒ ∆ω
ωpe
≈ τpe
τL
, (1.41)
where τpe = 2pi/ωpe. The accuracy needed to accomplish the condition (1.41) requires a control
on the plasma density homogeneity which makes this technique very difficult to perform. In fact,
according to Eq. (1.1), ωpe ∝ n1/2e is found. Hence, by assuming τpe in the picosecond range,
and nanosecond laser pulse duration, a density dishomogeneity of some percents is found to be
sufficient to prevent the plasma wave growth.
1.2.3 LWFA - Laser Wakefield Acceleration
The original idea of a laser-driven, plasma-based electron accelerator relying on wakefield ex-
citation via ponderomotive forces was first proposed [Tajima and Dawson, 1979] by Tajima and
Dawson in 1979. At that time, the practical feasibility of exciting a wakefield at plasma densities
of interest for particle acceleration with a single laser pulse was not ensured, because ultra-short
laser pulses of high power were not available yet.
The chirped-pulse amplification (CPA) laser technology, proposed by Mourou and colleagues
[Strickland and Mourou, 1985] more than two decades ago, has made available compact sources
of the requested high power (up to hundreds of TW), ultra-short (tens of femtoseconds) laser
pulses. These ultra-short pulses have characteristic lengths Lp of the order of 10 µm. Hence, they
are capable to excite, thanks to the ponderomotive force, plasma waves of wavelength λpe ≈ Lp,
corresponding to plasma electronic densities of 1018÷1019 cm−3, which are in the range of interest
for LPA.
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Figure 1.4: Schematic picture of wakefield ponderomotive excitation in a LWFA, in the limit of
square pulse. The forward front of the incoming pulse pushes the electron away from its equi-
librium position xeq. Then the space-charge force acts on the electron as a restoring force. If the
resonance condition (1.42) is satisfied, the electron comeback in xeq coincides with the passage of
the backward front of the pulse, which pushes the electron in the backward direction giving rise to
a resonant plasma oscillation.
Eq. (1.31) shows that what is involved in determining the ponderomotive force related to the
laser pulse are its large intensity gradients in its spatial profile (cf. Fig. 1.2 and Fig. 1.3), that is its
forward (“rising”) and backward fronts. When an electron is overrun by the forward front of the
pulse, it is pushed in the pulse propagation direction. The space-charge force tends to restore it to
its equilibrium position. The passage of the backward front pushes the electron in the backward
direction.
Hence, the second push is more efficient if it takes place in the moment in which the electron
passes through its equilibrium position, that is a plasma semi-period Tpe = 2pi/ωpe after the first
push, yielding to the resonance condition for LWFA scheme:
Lp =
λpe
2
. (1.42)
A schematic picture of the process in the limit of square pulse is shown in Fig. 1.4.
Actually, things are more complicated and the resonance condition depends also on the pulse
profile shape and laser pulse polarization, requiring more complex calculations. In any case, what
changes is only the numerical coefficient beside plasma wavelength, which is always of the order
of 0.5 [Esarey et al., 2009].
The described mechanism yields a plasma wave in the wake of the propagating laser pulse,
with the desired property (1.23).
We report for completenes the solutions [Esarey et al., 2009] for the density perturbation and
electric field of the wake in the 3D linear regime (a20 << 1, |δne/ne0| << 1):
δne
ne0
=
c2
ωpe
∫ t
0
dt′ sin
[
ωpe
(
t − t′)]∇2 a2 (~r, t′)
2
, (1.43)
~E
E0
= −c
∫ t
0
dt′ sin
[
ωpe
(
t − t′)] ~∇a2 (~r, t′)
2
, (1.44)
where E0 = mecωpe/e is the cold non-relativistic wave breaking field (Dawson limit, cf. Eq.
(1.22)). Eq. (1.43) implies a radial extent of the wake of the order of the laser spot size.
1.3. ELECTRON TRAPPING, DEPHASING AND ENERGY GAIN 11
1.2.4 SMLWFA - Self-modulated Laser Wakefield Acceleration
SMLWFA regime requires the laser pulse length to be long compared to the plasma wavelength
(LP > λpe), and the laser pulse power P to be larger than the critical power Pc, required for
relativistic self-focusing (P > Pc ≈ 17nc/ne, cf. Eq. (2.20)).
Under these conditions, it is possible for a single, “long” laser pulse to break up into a train of
short “pulselets”, each of these short pulselets having a length on the order of λpe/2, which is the
resonance condition (1.42) found for efficient laser wakefield excitation. The process by which a
plasma wave can modulate a laser pulse is due to the production of periodic regions of enhanced
focusing and diffraction, and is called “self-modulation instability”: it will be described in section
2.6. Self-modulation instability can be triggered by relativistic self-focusing.
Since λpe ∝ n−1/2e0 , and Pc ∝ n−1e0 , it is possible to accomplish to the conditions LP > λpe, P >
Pc operating at a sufficiently large plasma density. Hence, larger wakefields will be accelerated
respect to LWFA for equal laser pulse lengths, because the accelarating field is proportional to
the square root of the electron density (cf. Eq. 1.22). Moreover, the occurrence of relativistic
self-focusing implies that the laser pulse tends to focus, thus increasing a0 and the accelerating
field. In presence of “refractive guiding”, which may be provided by relativistic self-focusing (cf.
the following chapter), the accelerating structure propagates for longer distances, increasing the
acceleration length. Finally, there is no resonance condition to satisfy.
The disadvantages of this technique are that at larger density the laser pulse group velocity
decreases (cf. Eq. (1.23)), reducing the dephasing length for the accelerating electrons, and that the
electron bunch spread increases due to short dephasing lengths compared to the laser propagation
distances. Generally speaking, this process is intrinsically difficult to be controlled since it is based
on the growth of a plasma instability. Nevertheless, regimes of this kind allow to reach the highest
efficiencies in term of the ratios between the energy, as well as the charge content, of the electron
bunches to the laser pulse energy.
1.3 Electron trapping, dephasing and energy gain
Let’s consider an electron accelerated along the laser propagation axis z by a linear electrostatic
plasma wave of the form Ez = Emax sin
[
ωpe
(
z/vφ − t
)]
, with vφ < c. The periodic structure of
this perturbation implies the presence of an accelerating, as well as a decelerating, phase regions
inside the wave, the lengths of which are equal to λpe/2.
In order to maximize the acceleration, and minimize the energetic spread, we need our electron
bunch to be “trapped” inside the accelerating region. Hence, electron initial velocity has to be not
too high, otherwise it will overrun the wave entering in a decelerating region, and not too low,
otherwise it will be left behind. However, vφ < c implies that an accelerated electron, approaching
the speed of light (vz → c), will eventually outrun the plasma wave, and move into a decelerating
phase region. This process, called electron dephasing, limits the acceleration length to the so
called dephasing length Ld, and consequently it limits also the energy gain.
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1.3.1 Electron trapping
A 1D linear plasma wave can be described by a sinusoidal electrostatic potential φ = φ0 cosψ,
where φ0 = Emax/E0 is the amplitude, and ψ = kpe(z− vφt) is the phase. Electron trapping process
can be studied by examining the electron orbits in phase space ( p˜, ψ), where p˜ is the normalized
electron momentum.
The phase region −pi < ψ < 0 is accelerating, whereas 0 < ψ < pi is decelerating. Let’s
consider an electron injected into the plasma wave, with vz < vφ, at ψ = 0. Initially, the accel-
erating electron slips backward with respect to the plasma wave. If its initial velocity is too low,
the electron energy gain will be insufficient, and vz < vφ will be found at ψ = −pi, resulting in
an untrapped electron, which will continue to slip backward through the plasma wave. Instead, if
the electron initial velocity is sufficiently large to ensure vz > vφ at ψ = −pi, the electron will be
trapped, and execute closed orbits in the −pi < ψ < 0 accelerating phase region.
1.3.2 Electron dephasing
The dephasing length Ld is defined [Esarey et al., 2009] as the length the electron must travel
before it phase slips by a semi-period with respect to the plasma wave. Let’s consider the case of
an electron accelerated to an ultra-relativistic velocity ≈ c. The time it takes to exit the acceleration
region of length λpe/2 is:
td =
Ld
c
=
λpe
2
1
c − vφ . (1.45)
The squared relativistic Lorentz factor, associated with the phase velocity of the plasma wave, is:
γ2φ =
1
1 − v
2
φ
c2
vφ
c ≈1−→≈ 1
2
(
1 − vφc
) , (1.46)
which, substituted into Eq. (1.45), finally gives:
Ld = γ2φλpe. (1.47)
According to Eq. (1.23), it is found:
γφ =
1 − v2φ, plasma wavec2

− 12
=
1 − v2g, laser pulsec2

− 12
=
1 − 1 + ω2peω2
−
1
2
=
ω
ωpe
, (1.48)
that is:
Ld =
ω2
ω2pe
λpe. (1.49)
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Figure 1.5: Time-averaged density perturbation δne/ne0 (dashed curve), and axial electric field
Ez/E0 (solid curve) in a LWFA driven by a Gaussian laser pulse, moving to the right side, centered
at kpeζ = 0, with a rms length Lrms = k−1pe , for: (a) a0 = 0.5 (linear regime); (b) a0 = 2.0 (non-linear
regime). Taken from [Esarey et al., 2009].
1.3.3 Electron energy gain
Assuming Emax < E0, the maximum energy gain after a dephasing length is roughly [Esarey et al., 2009]
Wmax ≈ eEmaxLd ≈ 2pi ω
2
ω2pe
Emax
E0
mec2. (1.50)
1.4 Non-linear regime
Up to now, plasma waves have been described, in the linear non-relativistic regime (a0 << 1,
corresponding to Emax << E0), as simple sinusoidal oscillations at frequency ωpe, and with a
phase velocity vφ equal to the group velocity of the driving laser pulse.
In the non-relativistic regime a0 & 1, corresponding to Emax & E0, the plasma wave becomes
highly non-linear, departing from a simple sinusoidal form and, as a result [Esarey et al., 2009],
the plasma wave “steepens”, and its period lengthens. The electric field exhibits the characteristic
“sawtooth” profile associated with wave steepening, and the density oscillations become highly
peaked (cf. Fig. 1.5 and Fig. 1.6).
The period of the non-linear plasma wave increases as the amplitude increases. In the limit
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Figure 1.6: Plasma density perturbation excited by a Gaussian laser pulse with a0 = 1.5, k0/kp =
20, kpeLrms = 1, and kpr0 = 8, computed using a 2D non-linear plasma fluid model. Laser pulse
is traveling to the left side. Taken from [Esarey et al., 2009].
γφ >> 1, the non-linear plasma wavelength λNp is:
λNp = λp
1 + 316
(
Emax
E0
)2 , f or EmaxE0 << 1 (1.51)
=
2λp
pi
(
Emax
E0
+
E0
Emax
)
, f or
Emax
E0
>> 1. (1.52)
The period lengthening effect can be important in some LPA schemes. For example, in LBWA it
can lead to saturation of the wave amplitude growth, because the decrease of the effective plasma
frequency implies that the resonance condition (1.39) is no longer satisfied.
Finally, in subsection 1.1.3 the cold non-relativistic wave breaking field E0 (Dawson limit) was
found to be the upper limit for the plasma wave longitudinal electric field in the non-relativistic
linear regime. E0 was found imposing the condition δne = ne0 to the solutions of the 1D cold
non-relativistic plasma fluid equations. In the non-linear regime, Emax ≥ E0 is found. Hence, the
Dawson limit is no longer valid.
Physically, non-linear wave-breaking happens when the fluid velocity of the electrons, in-
creasing while the electric field increases, exceeds the phase velocity vφ, that is when the electrons
overrun the plasma wave crest which they belonged to [Gibbon, 2005]. The value of the plasma
wave electric field for which this process takes place, referred to as “cold relativistic wave break-
ing field”, can be estimated from the 1D non-linear relativistic cold plasma fluid equations. The
result is
EWB = E0
√
2
(
γφ − 1
)
. (1.53)
1.4.1 Necessity of simulations: PIC codes
A quantitative, detailed description of plasma behaviour in 3D non-linear regime requires the use
of simulation codes. One of the most widespread and powerful types of simulation codes is the so
called Particle In Cell (PIC) [Birdsall, 1991, Gibbon, 2005].
The underlying idea is to superimpose, to the physical volume, a mathematical grid, a “mesh”,
1.5. ACCELERATION LIMITS 15
Figure 1.7: Scheme of a mesh superimposed to the plasma volume. The charge q in (x, y) is
assigned in order to provide the desired charge densities in the four corners, and the desired current
densities on the four sides of the corresponding mesh element. Taken from [Birdsall, 1991].
which divide the volume in small cells of dimensions ∆x, ∆y, ∆z, as depicted in Fig. 1.7. Each of
these discrete macro-particles, carrying a fixed charge qi, and mass mi, represent a certain number
of real plasma particles. The charge q in (x, y) is assigned in order to provide the desired charge
densities in the four corners, and the desired current densities on the four sides of the corresponding
mesh element. Hence, also the electromagnetic field is discretized.
The resulting charge and current densities are used as source terms for the resolution of the
Maxwell equations for the electric and magnetic fields on the mesh. Those fields are substituted
into the Lorentz equation to give the force acting on the particle. By integrating the equation of
motion on a finite time interval, particle trajectories in one, two or three dimensions are deter-
mined, and a new virtual particle distribution in the mesh is found. If the plasma shows a certain
symmetry, it is possible to reduce the simulation number of dimensions.
In practice, what is happened is that the particles have moved on the mesh in a finite time
interval, in which the electromagnetic field has not evolved. At the end of the time interval,
discretized field equations have been solved to update fields distribution. A conceptual scheme of
the described iterative system is shown in Fig. 1.8.
1.5 Acceleration limits
There are several mechanisms able to limit the energy gain in a LPA. Let us have a brief overview.
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Figure 1.8: Conceptual scheme of PIC simulation iterative method. Particles move on the mesh
in finite time intervals, during which the electromagnetic field is kept constant. At the end of each
time interval, discretized field equations are solved, and the electromagnetic field distribution is
updated. Adapted from [Birdsall, 1991].
1.5.1 Laser diffraction
A focused laser pulse undergoes diffraction. In vacuum, letting r0 be the minimum laser spot size
in the focal point z = 0, the laser spot size rs evolves according to the Rayleigh diffraction formula:
rs = r0
1 + z2
Z2R
1/2 , (1.54)
where
ZR =
kr20
2
(1.55)
is the so called Rayleigh length, defined as the distance from the focus after which the beam radius
has increased of a factor
√
2.
In a plasma, the situation is more complicated, and various effects can contribute to the optical
“refractive” guiding of the laser pulse over very longer distances (cf. the following chapter). In any
case, without some form of optical guiding, the laser-plasma interaction distance will be limited
to a few ZR. Refracting guiding mechanisms will be treated in the next chapter. In the following,
a guided pulse will be considered, without taking care of how it is guided.
1.5.2 Electron dephasing in the non-linear regime
Electron dephasing was already treated, in the linear regime, in subsection 1.3.2. Here a result for
the dephasing length, valid in the 1D non-linear regime for a linearly polarized, squared profile
laser pulse, with Lp ≈ λNp/2, is reported [Esarey et al., 2009]:
Ld ≈
λ3pe
2λ2
, f or a20 << 1, (1.56)
≈ λ
3
pe
2λ2
√
2
pi
a0
Np
, f or a20 >> 1, (1.57)
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where Np is the number of plasma periods behind the drive laser pulse. Np accounts for the
increase of the plasma wave period related to the non-linear steepening process. Notice that Ld ∝
n−3/2e0 , hence it can be increased by operating at lower densities.
1.5.3 Pump depletion and laser-plasma instabilities
Pump depletion concerns the energy loss undergone by the laser pulse while exciting a plasma
wave. The characteristic length over which pump depletion takes place can be estimated by equat-
ing the laser pulse energy to the energy left behind in the wakefield:
E2z Lpd ≈ E2LL, (1.58)
where EL is the laser field, and L the propagation distance. In the 1D non-linear regime, pump
depletion length for a linearly polarized, squared profile laser pulse, with Lp ≈ λNp/2, turns out to
be [Esarey et al., 2009]:
Lpd ≈
λ3pe
λ2
2
a20
, f or a20 << 1, (1.59)
≈ λ
3
pe
λ2
√
2
pi
a0, f or a20 >> 1. (1.60)
Notice that also Lpd ∝ n−3/2e0 , hence it can be increased by operating at lower densities.
Various laser-plasma instabilities can take place, which can have positive as well as detrimental
effect on the acceleration regime. Some of them will be reviewed in the following chapter.
1.5.4 Energy gain estimations
In the previous subsections, it was shown that electron dephasing and pump depletion limit the
acceleration distance to Ld, Lpd, respectively, and that both those distances scales with n
−3/2
e0 .
According to the Dawson limit (1.22), the maximum accelerating electric field scales with n1/2e0 .
Hence, working at lower densities will increase the acceleration distance, whereas the accelerating
field will be reduced, and vice versa. A balance is needed in order to optimize the acceleration
regime.
For typical parameter values in the linear regime (a20 << 1), ZR << Ld << Lpd is found.
If some mechanisms guarantee pulse guiding over several Rayleigh lengths, the main limitation
to the acceleration length is the dephasing length. Hence, the electron energy gain is limited by
dephasing, not pump depletion [Esarey et al., 2009]. It is possible to extend the dephasing length
by properly tapering the axial plasma profile, slowly increasing the plasma density as a function of
the propagation distance, and injecting the electron bunch several plasma period behind the pulse:
in some cases it is possible to make Ld ≈ Lpd also in the linear regime.
In the non-linear regime (a20 > 1), instead, Ld ≈ Lpd is found, and the electron energy gain is
limited by pump depletion. The mildly non-linear regime a20 ≈ 1 presents some advantages on the
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linear one, because being the acceleration distance limited by pump depletion, it does not require
any density tapering. Moreover, it shows higher accelerating gradients, shorter channel lengths
and efficient laser depletion while yielding comparable energy gains.
The ideal energy gain of a standard LWFA can be estimated by ∆W = eEzLacc, where Lacc
is the acceleration length, and Ez is the maximum electric field amplitude driven by an optimized
flat-top, linearly polarized laser pulse in the 1D limit. Non-ideal effects, as self-focusing and
laser plasma instabilities (cf. the following chapter), are neglected. Under these conditions, the
following estimations [Esarey et al., 2009] of the energy gains in practical units can be given. If
the acceleration distance is limited by:
• diffraction, Lacc = piZR < Ld, Lpd:
∆WR(MeV) ≈ 740 λ0
λpe
1 + a202
−
1
2
P(TW); (1.61)
• dephasing, Lacc ≈ Ld:
∆Wd(Mev) ≈
630 I( Wcm2 )
ne0(cm−3)
, f or a20 << 1, (1.62)
≈ 630 I(
W
cm2 )
ne0(cm−3)
2
piNp
, f or a20 >> 1, (1.63)
(1.64)
• pump depletion, Lacc ≈ Lpd/2:
∆Wpd(Mev) ≈ 3.4 × 10
21
λ2(µm)ne0(cm−3)
, f or a20 << 1, (1.65)
≈ 400 I(
W
cm2 )
ne0(cm−3)
, f or a20 >> 1, (1.66)
(1.67)
where I, P are respectively the laser peak intensity and power in the focal spot.
1.6 Electron injection techniques
Electron injection into the accelerating field with the correct phase is a task of fundamental impor-
tance in the LPA scheme. Basically, there are two ways to do it, which will be briefly described in
the following two subsections.
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1.6.1 External injection
In the external injection scheme, an electron bunch, coming from a conventional accelerator, is
injected in the proper phase region of a plasma wave, and further accelerated.
This method has to face severe difficulties, related to the temporal and spatial properties of
electron bunches and plasma waves. In fact, the typical duration of an electron bunch, accelerated
by a conventional LINAC, is of a few picoseconds, corresponding to a longitudinal dimension of
≈ 1 mm, whereas a plasma wavelength, at typical density of interest for LWFA, is of tens (up to a
few hundreds) of microns.
Nevertheless, groundbreaking photo-injected LINACS, in which electron bunches are pro-
vided by photo-cathods irradiated by femtosecond laser pulses, yields electron bunches of longitu-
dinal lengths of a few tens of microns [Gizzi et al., 2009a], which can be injected, and accelerated,
by a plasma wave. Feeling essentially the same electric field during the acceleration process, those
electrons keep a good monochromaticity.
Another hard challenge of the external injection scheme is provided by the need to syn-
chronize the LINAC electron bunch source with the laser source on a femtosecond time scale,
in order to be able to control the exact point of injection inside the accelerating plasma wave
[Gizzi et al., 2009a].
It is also important to have electron bunches with transversal dimensions smaller than the laser
waist dimension r0, in order to keep under control the effects of the transversal components of
plasma wave electric field to obtain lower divergences and energetic spreads.
1.6.2 Auto-injection
In the auto-injection scheme, accelerating electrons are provided by a fraction of the free electron
population of the plasma itself. Some local mechanism inside the plasma must play the role of the
injector.
The most studied mechanism for electron auto-injection [Esarey et al., 2009] is related to the
non-linear phenomenon of wave breaking, already mentioned in section 1.4. When wave breaking
takes place, electrons reach velocities & vφ, and may overrun the plasma wave crest, entering a
region with accelerating electric field, being trapped, and accelerated.
From the 1D non-linear relativistic cold plasma fluid equations, the estimation (1.53) for the
cold relativistic wave breaking field EWB is found: according to this simplified model, wave break-
ing is possible only if E > EWB.
Actually, various theorical models, and experimental techniques, have been developed to relax
the threshold condition for the wave breaking [Bulanov et al., 1998], or to induce auto-injection
and trapping without the presence of wave breaking [Esarey et al., 2009].
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1.7 Possible targets
A major role in the determination of LPA regime is played by the choice of the target, on which
the femtosecond laser pulse is focused.
1.7.1 Thin foils
The use of solid targets (thin foils) allows to reach very large plasma densities. As shown before,
larger densities imply larger accelerating fields (∝ n1/2e0 ), but shorter dephasing lengths (Ld ∝
n−3/2e0 ), and pump depletion lengths (Lpd ∝ n−3/2e0 ).
Usually the thin (µ-meter thickness) foil is exploded by the pre-pulse (cf. section 1.9), and the
ultra-short driving pulse interacts with a pre-formed underdense plasma [Giulietti et al., 2002].
A major problem in working at high densities is the fact that presently available ultrahigh
power lasers have pulse durations & 30 f s, which limit plasma densities for LWFA to be not very
higher than 1019 cm−3, because of the resonance condition (1.42). Moreover, using these targets
implies a poor control on densities and homogeneity of the produced plasmas.
Finally, a limitation for possible applications is that the repetition frequency cannot be very
high, because of the technical difficulties related to the necessity of moving the thin foil at each
shot, keeping its surface in the focal plane, in order to renew the target.
1.7.2 Gases
Most of the experiments of LPA, currently performed worldwide, exploit the scheme of auto-
injection by interaction of laser pulses with a gas medium.
In fact, gases allow to work at lower densities, which imply longer acceleration distances, and
a reduction of the detrimental effects due to plasma instabilities and electron dephasing, which
imply a poor shot-to-shot reproducibility of energy, and energy spread, of the electron bunches.
Because of detrimental defocusing effects, related to gas ionization (cf. section 2.7), it is
not possible to simply fill the interaction chamber with the desired gas. In fact, laser pulse must
interact with the desired gas profile only when it has already been focused.
Usually, large neutral density gradient surfaces are preferred for interaction stability, and con-
trol over the produced plasma density and homogeneity. Nevertheless, various attempts to use
gas-filled cells were made [Kimura et al., 1995], for their setup simplicity, and the possibility to
reach very high repetition rates.
Gas-jets
In order to have the most sharp interaction between ultra-intense laser pulses and gases, focusing
laser pulses over large neutral density gradient surfaces is required. Supersonic gas-jets are the
targets providing these characteristics, together with the possibility of working at high repetition
rates (limited by the time required to restore proper vacuum conditions after each shot).
Details on this kind of target, which is used also in our experiment, are described in chapter 3.
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Capillaries
As we will see in the following chapter, laser pulse guiding mechanisms are required in order
to increase the acceleration length. In LPA experiments, performed with gas-jet targets, guid-
ing mechanisms are usually provided by non-linear refractive effects occurring during laser pulse
propagation in gas (cf. the following chapter). As pointed out in section 2.3, guiding can also
be provided, without invoking non-linear propagation effects, by pre-formed plasma density chan-
nels.
One of the most used techniques for pre-formed plasma channels creation is the so called cap-
illary discharge method. Proper electric discharges, at the ends of a gas-filled glass capillary, are
able to create plasmas characterized by density profiles suitable for guiding. The advantages of
using capillary discharges over gas-jets are that, in this case, non-linear refractive effects are not
required, enabling to work at lower densities (2.4), and hence obtaining larger acceleration dis-
tances, and more stable interaction conditions, ensuring higher shot-to-shot reproducibility. With
this technique, bunches with the best spatial and spectral properties were obtained, as well as the
peak energy record for LPA [Leemans et al., 2006]. The disadvantages are the setup complexity,
the introduction of higher Z-impurities due to capillary wall ablation, and the limited life-time of
each capillary, which reduces the achievable repetition rate.
1.8 Laser-atom interaction, photo-ionization models and related ef-
fects
Up to now, laser pulse propagating in a fully ionized plasma have been always considered. Most
of the LPA experiments take place in the above-mentioned “laser-into-gas-jet” scheme, in which
plasma formation is often provided by the ultra-intense electric field of the laser pulse itself. In
fact, at high intensities, and for laser pulses short compared to collision times, ionization occurs
by photo-ionization, that is the intense laser field directly ionizes the gas atoms.
The Bohr model of the hydrogen atom provides an estimate of the value of the atomic electric
field strength:
Ea =
e
a2B
≈ 5.1 × 109 V
m
, (1.68)
where aB = ~2/mee2 = 5.3 × 10−9 cm is the Bohr radius. When the laser electric field exceeds
the atomic field, which determines the binding strength of the electron to the atom, ionization is
guaranteed. This can be easily expressed by the threshold condition IL & Ia, where:
Ia =
cE2a
8pi
≈ 3.51 × 1016 W
cm2
(1.69)
is the so called atomic intensity, over which every material is (partially) ionized, and IL is the laser
intensity.
Actually, ionization takes place also at very lower intensities. In fact, an electron can receive
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the “kick”, needed to be propelled from its bound state to the free continuum, by absorbing a single
high-frequency photon (photoelectrinc effect), as well as by absorbing several lower frequency
photons (multi-photon ionization). Typical laser wavelengths in LPA experiments are in the near
infrared, too much long for the photoelectric effect to happen (at least UV radiation is needed).
Instead, at high intensities multi-photon ionization can take place. According to perturbation
theory, which is valid provided that the laser electric field is not so large to modify the atomic
field, the n-photon ionization rate is given by
Γn = σnInL. (1.70)
The cross-section σn decreases with n, but the InL-dependence makes nth-order ionization possible,
provided that InL is high enough (> 10
10W cm−2, cf. [Gibbon, 2005]).
When laser field becomes strong enough to distort the atomic field (when laser intensity ap-
proaches Ia), the perturbation theory is no longer valid, and ionization becomes dominated by the
tunneling mechanism. The two regimes are distinguished by the Keldysh parameter:
γk =
(
Eion
os
)1/2
, (1.71)
where Eion is the ionization energy, EL is the laser electric field, ωL is the laser frequency, and
os = (1/4)me(e|EˆL|/meωL)2 is the oscillating electron quiver energy [Keldysh, 1965]. The low
field limit (γk > 1) corresponds to the multi-photon ionization regime, whereas the high field limit
(γk < 1) corresponds to tunneling ionization regime.
Let’s consider a simple classical picture of this phenomenon. The Coulomb potential of the
atom is modified by a stationary electric field , becoming V(x) = −(Ze2/x) − ex (cf. Fig 1.9).
Hence, the Coulomb barrier has been suppressed, and the electron may tunnel with some finite
probability (calculated by Keldysh, [Keldysh, 1965]). If the barrier falls below the Eion value, the
electron will escape spontaneously (barrier suppression ionization). In our model, this happens
when V(xmax) = Eion, giving rise to the threshold field strength [Gibbon, 2005]
c =
E2ion
4Ze3
. (1.72)
By equating c to the peak electric field of the laser, an effective appearance intensity for ions,
created with charge Z, is found:
Iapp ≈ 4 × 109
(Eion
eV
)4
Z−2
W
cm2
, (1.73)
where Eion is the ionization potential of the ion with charge Z − 1. Ionization thresholds, pre-
dicted by this simple barrier-suppression model, are in very good agreement with experimental
measurements for many-electron atoms.
In the next chapter, the refractive effects induced by plasma density profile modifications,
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Figure 1.9: Schematic picture of tunneling or barrier suppression ionization by a strong external
electric field.
related to (partial) ionization, will be described. The most important, in LPA experiments, is the
ionization-induced defocusing (cf. subsection 2.7.1), which is the main reason for which laser
pulses are always focused at the entrance of gas-jets (otherwise defocusing would prevent laser
pulse to reach the expected intensity in the focal spot).
1.9 Amplified Spontaneous Emission (ASE) and picosecond pedestal
role in plasma formation
The main high power, femtosecond pulse delivered by a CPA laser is always accompanied by a
femtosecond pulse precursor (pre-pulse) due to the finite “electro-optical” response time (≈ ns) of
the laser Pockels cell, a nanosecond “pedestal” due to the amplified spontaneous emission (ASE),
and a picosecond pedestal due to the unavoidable limit in the compression of the chirped pulse (cf.
[Giulietti et al., 2006], and Fig. 1.10 for a descriptive scheme). Typical power contrast ratios1,
that is the ratio between the peak power of the precursor and that of the main pulse, for the ASE
pedestal are 106 ÷ 109, whereas for the picosecond pedestal they are in the range 103 ÷ 105.
Although their power is much smaller than the main femtosecond pulse, once focused such
pulse precursors can cause optical ionization of the target, giving rise to plasma formation and
expansion before the femtosecond pulse arrival. This premature plasma formation may have detri-
mental effect on experiments in which we are interested in ultra-intense laser-matter interactions,
or in the interaction with very steep density gradients, as in LPA experiments, because plasma
1In femtosecond laser-matter interaction studies, power contrast ratios are the most interesting parameters in order
to determine the interaction conditions. In other contests, energy content contrast ratio may be considered. While for
a typical laser, suitable for LPA, power contrast ratios are very large, energy contrast ratio between the main pulse and
its precursors is of the order of 0.5.
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Figure 1.10: Descriptive scheme of the pulse structure (not to scale). The main pulse is preceded
by a femtosecond pre-pulse due to the finite “electro-optical” response time of the laser Pockels
cell, a nanosecond “pedestal” due to the amplified spontaneous emission (ASE), and a picosecond
pedestal due to the unavoidable limit in the compression of the chirped pulse. For a realistic
example (measured third-order cross-correlation curve) cf. Fig. 3.3.
formation and expansion imply a change in the refractive index of the medium which can have, as
we will see in subsection 2.7.1, a defocusing effect on the laser pulse, preventing the intensity to
reach the expected value in the focal spot.
Recently, “plasma mirror” technique has greatly improved the contrast ratio values for “single
shot” operations [Doumy et al., 2004], but for practical accelerators, operating at high repetition
rate, the above-mentioned values have still to be considered as a reference. Pre-pulse effects are
reduced when working at low gas densities, because the ionization rate is proportional to the initial
gas density.
On the other hand, some successful attempts [Gamucci et al., 2006, Giulietti et al., 2006] to
exploit ASE emission to preform a plasma with a density profile properly shaped for channel
guiding have been made.
Chapter 2
Non-linear effects and refractive guiding
mechanisms for ultra-short laser pulses
propagating in underdense plasmas
In the previous chapter, we mentioned the possibility, for a laser pulse propagating in an under-
dense plasma, to be guided without diffracting over many Rayleigh lengths ZR = pir20/λ.
Guiding mechanisms are related to the refractive properties of the plasma medium. Hence,
they are referred to as “refractive guiding” mechanisms. In this chapter, refractive guiding mech-
anisms are described by deriving simplified solutions for a so called “envelope equation”, which
governs the evolution of the laser spot size during its propagation in underdense plasmas.
2.1 The principle of refractive guiding: an heuristic approach
Let’s consider a ray of light propagating in a medium characterized by a refraction index ηr, which
varies continuously in space. Let dsˆ be an infinitesimal element of the ray trajectory, and tˆ(s)
the versor tangent to the trajectory, calculated in the same point. We have [Born and Wolf, 1986,
Gibbon, 2005]:
d(ηr tˆ)
dsˆ
= ~∇ηr, (2.1)
that is the ray trajectory curves towards the direction of ~∇ηr, as shown in Fig.2.1.
Let’s consider a cylindrical coordinate system, with the axial direction z coincident with the
propagation direction of a laser pulse. The effect of a refraction index profile, such that ∂ηr/∂r < 0,
on the pulse is equivalent to that of a focusing lens, and can reduce, balance, or maybe overcome
diffraction. In fact, the pulse can be decomposed into the contribution of individual rays, each
of which is deflected towards the propagation axis, according to Eq. (2.1). This is the physical
principle underlying refractive guiding.
A more precise, but less intuitive, way to say it is that, when the refraction index ηr = ckz/ω is
peaked towards the propagation axis, the phase velocity vφ = ω/kz of the pulse is smaller on axis
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Figure 2.1: A ray of light curves its trajectory as a result of a refraction index gradient.
than off axis, and the phase fronts of the optical field can become curved in such a way that the
pulse focuses, according to the solutions of the paraxial wave equation, described in the following
sections.
Eq. (1.11) describes the plasma refraction index. In the very underdense plasma limit (ω >>
ωpe), refraction index including non-linear effects is given by [Esarey et al., 1997]:
ηr(r) = 1 −
ω2pe0
2ω2
ne(r)
ne0γ(r)
, (2.2)
where ωpe0 = (4pie2ne0/me)1/2 is the electron plasma frequency evaluated at the ambient plasma
density ne0, ne is the local electron plasma density, γ is the relativistic (Lorentz) factor related to
the plasma electron masses, and the substitution ω2pe =
4pie2ne
γme
= ω2pe0
ne
ne0γ(r)
has been made.
The radial profile of the refractive index ηr(r) can be modified by changing either the plasma
electronic density ne(r), or the electronic relativistic factor γ(r) (on femtosecond time-scale the
plasma ion motion can be neglected). Depending on which, and how, these two quantities will be
modified, we will have different non-linear effects, which can lead up to refractive guiding, as well
as enhanced diffraction or disruptive instability growth.
2.2 The SDE method for the solution of the paraxial wave equation
The wave equation for the transverse electric field E(r, z, t) of a laser pulse of frequency ω = ck =
2pi/λ, propagating in an ionizing gas or a plasma is [Esarey et al., 1997]:(
∇2 − 1
c2
∂2
∂t2
)
E =
ω2
c2
(
1 − η2r
)
E, (2.3)
where ∇2 = ∇2⊥ +∂2/∂z2, z is the axial propagation direction, and ηr(r, z, t) is the effective index of
refraction (2.2) that, in general, is a non-linear function of E, and is determined by the dynamical
response of the medium. We assume that it is close to unity, which is the case for a ionizing gas
or an underdense plasma, and real, i.e. dissipative effects, such as collisions and absorption, are
neglected.
Let’s introduce the two independent variables ζ = z−ct, which describes the distance from the
front of the pulse supposed in ζ = 0 (hence, the pulse extends in the region ζ < 0), and z, which
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describes the propagation distance from the focal position (supposed in z = 0, the pulse propagates
towards positive z). We assume that the laser field can be written as E = ReEˆ exp[ik(z − ct)], with∣∣∣∂Eˆ/∂t∣∣∣ << ∣∣∣ωEˆ∣∣∣, and ∣∣∣∂Eˆ/∂z∣∣∣ << ∣∣∣kEˆ∣∣∣, that is the complex amplitude Eˆ is slowly varying in
z and t, compared to ω = ck. Under these assumptions, it is possible to perform the paraxial
approximation, and the wave equation becomes [Esarey and Leemans, 1999, Esarey et al., 1997]:(
∇2⊥ + 2ik
∂
∂z
)
Eˆ = k2
(
1 − η2r
)
Eˆ. (2.4)
2.2.1 The SDE method
The so called Source Dependent Expansion (SDE) method concerns the solution of the paraxial
wave equation with non-linear source terms. The laser field is expanded in a complete set of
source-dependent orthogonal Laguerre-Gaussian functions, which are implicitly functions of the
propagation distance z through the laser field parameters: the spot size, the wavefront curvature,
the amplitude, and the phase. A system of four coupled, first-order differential equations for the
above-mentioned laser field parameters completely describes the field.
The SDE method is capable of describing an arbitrary laser field, written as a superposition of
an arbitrary number of source-dependent Laguerre-Gaussian modes:
Eˆ =
∑
m
EˆmLm(χ) exp
[− (1 − iαs) χ/2] , (2.5)
where m = 0, 1, 2, . . ., Eˆm(z) is the complex amplitude, χ = 2r2/r2s , r
2
s (z) is real and denotes
the spot size, αs(z) = kr2s/2Rc is real, Rc is the radius of curvature associated with the wave front,
Lm(χ) is a Laguerre polynomial (e.g. L0 = 1, L1 = 1−χ . . .), and the laser field amplitude Eˆ(r, ζ, z)
is assumed to have axial symmetry.
For the sake of simplicity we assume, here and in the following, that the laser pulse is ad-
equately described by the single mode m = 0. This assumption disregards the fact that, if the
laser power largely exceeds the critical power for relativistic self-focusing, the pulse is expected
to filament into higher order modes.
By substituting (2.5) into (2.4), adding a functional constraint depending on the particular
problem we are facing, setting Eˆ0 = Es exp(iθs), and performing analytical calculations, the sys-
tem of four coupled, first-order differential equations for the laser field parameters is obtained
[Esarey et al., 1997]:
∂ (Esrs)
∂z
= 0, (2.6)
∂2rs
∂z2
=
4
(
1 + kr2sH
)
k2r2s
, (2.7)
αs =
kr2s
2Rc
=
krs
2
∂rs
∂z
, (2.8)
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∂θs
∂z
= − 2
kr2s
− H −G, (2.9)
where
G =
k
2
∫ ∞
0
dχ
(
1 − η2r
)
exp (−χ) , (2.10)
H =
k
2
∫ ∞
0
dχ
(
1 − η2r
)
(1 − χ) exp (−χ) . (2.11)
2.2.2 The Envelope Equations
Equation (2.6) implies that the product Esrs is a constant (i.e. independent of z) at each ζ = z − ct
position, hence Es = E0r0/rs, where E0 and r0 are independent of z (in particular, they are taken
in z = 0). Hence, the total laser power P ∝ E2sr2s is a constant at each ζ = z − ct position, which
is a consequence of the paraxial approximation, and of the assumption of ηr real (i.e. dissipative
effects neglected).
The laser field is given by the real part of:
E =
E0r0
rs
exp
[
ikζ + iθs − (1 − iαs) r
2
r2s
]
, (2.12)
and the time-averaged intensity and power associated with (2.12) are, respectively, I = I0 exp(−χ)
(where I0 = (c/8pi)E20r
2
0/r
2
s is the peak intensity along the axis r = 0), and P = pir
2
s
∫
dχI/2 =
cE20r
2
0/16.
From equation (2.7), the following envelope equation for the laser spot size rs(ζ, z) can be
derived:
∂2rs
∂z2
=
4
k2r3s
+
2
rs
〈
r
∂ηr
∂r
〉
r
. (2.13)
Here and in the following, 〈Q〉r represents an average of the quantity Q over the radial intensity
profile I(r) of the laser pulse:
〈Q〉r = 4r2s
∫ ∞
0
dr r exp
(
−2r
2
r2s
)
Q. (2.14)
Moreover, from (2.9) an envelope equation for the wavenumber shift can be derived:
∂θs
∂z
= − 2
kr2s
− k
2
〈(
1 − η2r
)
+ r
∂ηr
∂r
〉
r
. (2.15)
Finally we wish to remark that, in the SDE envelope equations shown above, the laser envelope
behavior depends essentially on the non-linear form of the refraction index ηr, in particular on its
radial profile, through the term ∂ηr(r)/∂r. In the following sections, the various non-linear effects,
which can modify the refraction index during the propagation of a pulse in an underdense plasma,
are described.
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2.3 Preformed plasma density channels
Before dealing with guiding mechanisms related to refractive index modifications due to non-
linear laser-plasma interactions, we mention the possibility of guiding a laser pulse through a
preformed plasma density channel. Guiding effect is achieved by properly tailoring the transverse
profile of the linear component of the refraction index, as in optical fibers, through a proper tai-
loring of the plasma electron density. The advantages of this type of guiding are that it does not
involve power thresholds, nor conditions on pulse length and shape, as in the case of non-linear
mechanisms. Moreover, being not based on a non-linear laser-plasma interaction, it is intrinsically
easier to control, and less subject to disruptive instabilities.
Let’s consider a parabolic density channel of the form ne = ne0+∆ner2/r20, where ∆ne = ne(r =
r0) − ne(r = 0) is the channel depth. After substitution of ne in Eq. (2.2), the index of refraction
for a low-power (P << Pc), low intensity (a2 << 1, γ ≈ 1) laser pulse becomes:
ηr(r) = 1 −
ω2pe0
2ω2
1 + ∆nene0 r
2
r20
 . (2.16)
By replacing (2.16) into (2.13), and performing calculations for a Gaussian-shaped pulse, approx-
imated envelope equation for the laser spot size turns out to be [Esarey et al., 1997]:
d2R
dz2
=
1
Z2RR
3
(
1 − ∆ne
∆nc
R4
)
, (2.17)
where R = rs/r0 is the normalized spot size, r0 is the beam waist, ZR = kr20/2 is the vacuum
Rayleigh length, and:
∆nc =
1
pirer20
=
1.13 × 1020
r2s
[
µm
] cm−3, (2.18)
is the “critical channel depth” for a Gaussian pulse (re = e2/mec2 is the classical electron radius).
The first term on the right side of (2.17) represents vacuum diffraction, whereas the second term
represents focusing effects of the channel. If correctly matched (beam radius equal to r0 at channel
entrance), the pulse is guided provided that ∆ne = ∆nc.
Preformed density channels can be created exploiting the radial ponderomotive force of a rela-
tivistic self-guided laser pulse preceding the main pulse, or relying on the hydrodynamic expansion
of the preformed plasma (also ASE precursor can provide this effect [Gamucci et al., 2006]). An
alternative method is to use slow capillary discharges [Esarey et al., 2009, Esarey et al., 1997].
2.4 Relativistic self-focusing
In section 2.1 we have seen that the non-linear refractive index for an underdense plasma is given
by (2.2):
ηr(r) = 1 −
ω2pe0
2ω2
ne(r)
ne0γ(r)
.
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In subsection 1.2.1 we have seen that, in the 1D non-linear limit (i.e.: r0 >> λ), the conservation of
transverse canonical momentum implies ~u⊥ = ~p⊥/mec = ~a⊥ (cf. Eq. (1.32)), that is the normalized
vector potential is equivalent to the normalized transverse quiver momentum of a plasma electron
in the laser field.
When a0 & 1, the electron quiver velocity becomes relativistic, which is the case for intensities
I & 1018W/cm2 at wavelengths λ ≈ 1µm. The relativistic Lorentz factor related to the non-linear
transverse quiver motion is given by Eq. (1.37):
γ⊥(r) =
(
1 +
a(r)2
2
) 1
2
.
The presence of the Lorentz relativistic factor at the refractive index (2.2) denominator is due
to the mass term at the electron plasma frequency denominator (1.1). Physically it can be said
that, for relativistic quiver motion, the electron inertia is larger where the field is more intense,
due to the quiver acceleration, and consequently the local plasma frequency diminishes, and the
non-linear refractive index enhances. Hence, for a laser pulse intensity peaked on axis, ∂I/∂r < 0,
the relativistic quiver motion results in ∂ηr/∂r < 0, and the pulse focuses. This is the principle
underlying relativistic self-focusing.
2.4.1 Mildly Relativistic Limit
In the mildly relativistic limit [Esarey et al., 1997] (a2 << 1), substituting (1.37) into (2.2), we
obtain
ηr ≈ 1 −
ω2pe02ω2
 (1 − a24
)
(2.19)
where the electron density response has been neglected (i.e. ne = ne0).
After substitution of (2.19), the paraxial wave equation (2.4) has the form of a Schroedinger
equation with a third-order non-linearity, as in the case of non-linear optics in neutral gases, where
ηr = η0 + η2I and non-linear contribution is given by polarization effects. By analyzing the non-
linear Schroedinger equation in the slowly-varying envelope approximation [Gibbon, 2005], it
turns out that relativistic self-focusing will occur when the laser power P exceeds a critical power
Pc given, in practical units, by:
Pc[GW] ≈ 17.4ncne , (2.20)
where nc = meω2/4pie2 is the critical density corresponding to the laser frequency ω. According
to (2.20), for a fixed laser frequency the value of the critical power, requested for relativistic self-
focusing, decreases with increasing electron plasma density.
For a Gaussian intensity profile, the laser spot size evolves according to [Esarey et al., 1997]:
d2R
dz2
=
1
Z2RR
3
(
1 − P
Pc
)
. (2.21)
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Figure 2.2: Normalized laser spot size (R = rs/r0) versus normalized propagation distance (z/ZR,
z = 0 is the focal spot position) for P/Pc = 0 (vacuum diffraction), P/Pc = 0.5 (reduced diffrac-
tion), P/Pc = 1.0 (guided solution), P/Pc = 1.2 (“catastrophic” focusing).
The first term on the right side represents vacuum diffraction, whereas the second term represents
relativistic self-focusing. The spot size diffracts for P < Pc, remains guided (rs = r0) for P = Pc,
and focuses for P > Pc (cf. Fig. 2.2). Notice that Eq. (2.21) predicts “catastrophic” focusing,
but this is due to the approximation (1 + a2/2)−1/2 ≈ 1 − a2/4 in the a2 << 1 limit. Higher
order non-linearities will prevent the laser from focusing indefinitely, as will be shown in the next
subsection.
Finally, we wish to notice that inclusion of self-consistent density response has an important
consequence when the pulse length is less than the plasma length (L . λpe/γ⊥), because it is found
that in this case relativistic self-focusing is ineffective in preventing diffraction [Esarey et al., 1997].
In fact, the “self-consistent” index of refraction turns out to be modified by the laser pulse on the
plasma frequency time scale, not the laser frequency time scale. This results in an effective critical
power for short pulses Pc, sp ≈ 2Pc/k2pζ2 >> Pc, since k2pζ2/2 << 1 for short pulses. An obvi-
ous consequence of what stated above is that relativistic self-focusing is ineffective in preventing
diffraction also for the leading portion of a long pulse (|ζ | < λpe).
2.4.2 Relativisitc Limit
In the relativistic limit (a2 & 1) an equation for the laser spot size can be derived by retaining the
full relativistic factor in the index of refraction:
ηr ≈ 1 −
ω2pe02ω2
 (1 + a22
)−1/2
. (2.22)
Neglecting self-consistent density response (ne = ne0), it is found that the normalized spot size
X = rs/a0r0 obeys the equation:
d2X
dz2
= −V0 ∂V
∂X
, (2.23)
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Figure 2.3: Potential V(X) calculated for P/Pc = 2.5. A minimum is clearly visible in the potential
shape and, depending on the choice of the initial conditions on rs(z), drs/dz, bounded oscillations
around a certain value are possible.
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Figure 2.4: Plot of the numerical solution for the normalized spot size X = rs/a0r0, calculated
for initial conditions corresponding to r0 = 5 µm, drs/dz(z = 0) = 0, ZR = 50 µm, a0 = 1.1 and
P/Pc = 2.5.
where
− ∂V
∂X
= X−3 − 16X P
Pc
{[(
1 + X−2
)1/2 − 1] + 2 ln 2 − 2 ln [(1 + X−2)1/2 + 1]} , (2.24)
and V0 = (a20ZR)
−2.
The first term on the right side of (2.23) represents vacuum diffraction, whereas the other terms
represent the relativistic self-focusing effect of the plasma.
Eq. (2.23) is analogous to the equation of motion of a particle X(z) inside the potential
V(X, P/Pc), which shape depends only on the parameter P/Pc. For P/Pc > 1, the potential V(X)
has a minimum, and bounded oscillatory solution for X(z) are possible, depending on the initial
conditions on rs(z), drs/dz. In Fig. 2.3, a plot of the effective potential V(X), calculated for
P/Pc = 2.5, is shown: a minimum is clearly visible in the potential shape. The case of Fig. 2.3
corresponds to a guided laser beam, with a spot size rs oscillating about a certain value which
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depends on the choice of the initial conditions. In Fig. 2.4, a plot of the normalized spot size X,
calculated for initial conditions corresponding to r0 = 5 µm, drs/dz(z = 0) = 0, and parameters
ZR = 50 µm, a0 = 1.1, P/Pc = 2.5 is shown. The oscillation periodicity depends on the values of
ZR and a0, which enters in the definition of V0, and on the ratio P/Pc which determines the shape
of the potential.
2.5 Ponderomotive self-channeling
A sufficiently long laser pulse (Lp > λpe), propagating in a plasma, can expel electrons from the
axis via its radial ponderomotive force, thus creating a density channel. This mechanism is known
as self-channeling, or electron cavitation, and can enhance the effects of relativistic self-focusing.
We take into account a long, axially uniform (i.e. we disregard axial dynamics) laser pulse
propagating in an initially uniform plasma. The steady-state radial force balance equation between
space-charge and ponderomotive forces, and the Poisson equation are given by, respectively:
∇⊥φ = ∇⊥γ⊥, (2.25)
∇2⊥φ = k2pe
δne
ne0
, (2.26)
where γ⊥ is the Lorentz relativistic factor given by (1.37). Hence the density perturbation turns
out to be
δne
ne0
= k−2pe∇2⊥
(
1 +
a2
2
) 1
2
, (2.27)
where the obvious assumption |δne/ne0 ≤ 1| is done. The corresponding index of refraction is
given by [Esarey et al., 1997]:
ηr ≈ 1 −
ω2pe0
2ω2
1 + k
−2
pe∇2⊥
(
1 + a
2
2
) 1
2(
1 + a
2
2
) 1
2
 . (2.28)
The first term in the square brackets accounts for relativistic self-focusing, whereas the second
term accounts for the decrease in the electron density due to the ponderomotive force.
This mechanism may be invoked only when the spot size is enough small to allow electron
cavitation on a characteristic time smaller than the pulse duration.
2.5.1 Mildly Relativistic Limit
By taking into account a Gaussian laser profile in the mildly relativistic limit (a2 << 1), an electron
density profile δne (r) = −δne (r = 0)
(
1 − 2r2/r20
)
exp
(
−2r2/r20
)
is found, corresponding to a depth
of the ponderomotive channel along the axis given by
δne(0) = a20∆nc (2.29)
34
Chapter 2: Non-linear effects and refractive guiding mechanisms for ultra-short laser pulses
propagating in underdense plasmas
where ∆nc is given by (2.18). The envelope equation for the normalized spot size turns out to be:
d2R
dz2
=
1
Z2RR
3
(
1 − P
Pc
− δne(0)
2∆nc
R−2
)
, (2.30)
where the first term on the right hand side accounts for vacuum diffraction, the second for rela-
tivistic self-focusing, and the third for ponderomotive self-channeling. It is easy to see that, for
P/Pc << 1, laser pulse guiding requires δne(0) ≥ 2∆nc, which is not possible in the limit a0 << 1,
according to (2.29).
Also for laser power approaching the critical power (P → Pc), it is found [Esarey et al., 1997]
that guiding is achieved predominantly by relativistic self-focusing, while ponderomotive self-
channeling can enhance this effect reducing the threshold power for guiding (cf. with Eq. 2.20)
to:
Pc[GW] ≈ 16.2 ncne . (2.31)
2.5.2 Relativistic limit
The combined effect of relativistic self-focusing and ponderomotive self-channeling, on a “long”
(Lp > λpe) laser pulse propagating in an underdense plasma, can be treated by directly generalizing
the description done in subsection 2.4.2. We cross refer to this section for all the definitions. In
this case the refraction index is expressed by Eq. (2.28).
Eq. (2.23) still describes the normalized laser beam envelope X, what is changed is the poten-
tial derivative [Hafizi et al., 2000]:
∂V
∂X
= −16 P
Pc
X
{
1 −
(
1 + X−2
) 1
2 − 2 ln 2 + 2 ln
[
1 +
(
1 + X−2
) 1
2
]}
−
ln
(
1 + X−2
)
X
. (2.32)
In order to show the difference in the results obtained taking into account the effect of pon-
deromotive self-channeling, respect to the case in which it is disregarded, the two corresponding
potentials evaluated for P/Pc = 1.2 are shown in Fig. 2.5. It is clearly evident that ponderomotive
expulsion of electrons leads to a significant reduction of the matched beam spot size, and that the
focusing effect is enhanced.
We solved the laser beam envelope equation (2.23), for the effective potential (2.32), for the
following parameters: a0 = 1.3, r0 = 5 µm, ZR = 40 µm, P/Pc = 1.28. The corresponding result is
shown in Fig. 2.6.
By making use of equation (2.27), it is possible to write the on-axis density perturbation in
terms of P/Pc and X as follows [Hafizi et al., 2000]:
δn (r = 0)
n0
= −Pc
P
1(
2X2
)2 (1 + X−2) 12 . (2.33)
Eq. (2.33) can be used to calculate the on-axis density modulations related to the normalized laser
beam envelope equation solution of Fig. 2.6. The only permissible solutions are those for which
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Figure 2.5: Plot of the effective potential V(X) evaluated for P/Pc = 1.2. Curve a) represents
the effective potential found taking into account the effect of the relativistic self-focusing only,
whereas curve b) is the result found taking into account also the effect of ponderomotive self-
channeling. Taken from [Hafizi et al., 2000].
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Figure 2.6: Normalized laser beam spot size X = rs/a0r0 versus propagation distance z calculated
for a0 = 1.3, r (z = 0) = r0 = 5 µm, drs/dz(z = 0) = 0, ZR = 40 µm, P/Pc = 1.28.
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Figure 2.7: Plot of the on-axis electron density variation δn(r=0)n0 as a function of the propagation
distance z related to the same conditions of Fig. 2.6.
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Figure 2.8: Plot of the on-axis actual electron density to equilibrium density ratio n(r=0)n0 as a
function of the propagation distance z related to the same conditions of Fig. 2.6. Quasi-complete
cavitation has clearly occurred.
δne(r=0)
ne0
≥ −1. The present description breaks down when complete cavitation occurs, because our
model does not guarantee the above-mentioned condition to be satisfied. In Fig. 2.7, the result for
the on-axis density variation δn(r=0)n0 as a function of the propagation distance is shown. In Fig. 2.8
the corresponding values of the ratio between the actual on-axis density and the equilibrium one
ne(r=0)
ne0
is shown. Quasi-complete plasma electron cavitation has clearly occurred.
2.6 Self-Modulation Instability
Self-modulation instability affects “long” guided laser pulses (L > λpe). The plasma wave,
excited by the longitudinal ponderomotive force, results in a density perturbation of the form
δne = δne0(r) cos(kpζ), which can strongly affect the focusing properties of the pulse body.
In fact, density oscillation modifies plasma refractive index:
ηr ≈ 1 −
ω2pe0
2ω2
(
1 − a
2
2
+
δne
ne0
)
, (2.34)
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acting as an axially periodic density channel (−a2/2 accounts for relativistic self-focusing). In
regions where a local density channel (∂δne/∂r > 0) is present, the pulse focuses, whereas in
regions where ∂δne/∂r < 0 diffraction is enhanced, giving rise to a laser pulse envelope modulation
at electron plasma wavelength λp.
The axial ponderomotive force, associated with the modulated laser intensity, subsequently
enhances the growth of the plasma wave, and a highly non-linear instability takes place, which
can finally result in a fully self-modulated laser pulse, composed by a series of laser “pulselets”
of length ≈ λpe/2 (2D axially symmetric “sausaging”), which can remain optically guided over
several Rayleigh lengths. As we have seen in 1.2.4, this periodic pulselet structure yields large
amplitude wakefields which can trap and accelerate electrons (SMLWFA).
In the limit a2 << 1 and r20k
2
pe >> 1 (i.e. disregarding transversal dynamics in a complemen-
tary way respect to the previous section), the envelope equation for the spot size, assumed initially
uniform throughout the pulse, is: [Esarey et al., 1997]
d2R
dz2
=
1
Z2RR
3
(
1 − P
Pc
− δn (ζ)
2∆nc
)
, (2.35)
where δne (ζ) is the initial density perturbation, given by:
δne (ζ)
ne0
=
∫ ∞
0
dζ′ cos
[
kpe
(
ζ − ζ′)] ∂
∂ζ′
a2 (ζ′)
2
. (2.36)
Hence, the effect of the initial density wake δne (ζ) in (2.35) is to produce ζ-periodic regions
of enhanced focusing and diffraction, which implies laser intensity modulation at λpe, and the
consequent enhancement of the wakefield at later times.
The growth of the self-modulation instability has a disruptive effect on a guided laser pulse
propagating in a plasma. The disruptive effect increases with increasing normalized power P/Pc,
normalized distance behind the pulse front kpe |ζ |, and normalized propagation distance z/ZR.
2.7 Ionization-induced refractive effects
Up to now, laser pulse propagation in a fully ionized plasma was always considered. This ap-
proximation is allowed also for an ultra-intense laser pulse, focused at the entrance of a gas-jet
without a preformed plasma, provided that laser field is enough intense to completely ionize the
gas during a few optical cycles: in this case, refractive effects related to ionization involve only a
small portion at the front of the pulse, and can be neglected as a first approximation, because the
main part of the pulse actually behaves like in an initially uniform, underdense plasma.
When, for some reason, the laser pulse is not able to completely ionize the gas during the first
optical cycles, it will undergo refractive effects, due to the changes in the spatial and temporal
profiles of the refractive index, related to different degrees of ionization of the plasma medium.
In fact, local changes of the ionization degree of gas atoms obviously implies local changes of
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plasma electron density, which affect the plasma index of refraction. LetW(|Eˆ|)1 be the ionization
rate in the tunneling regime (γk < 1), the contribution to the effective index of refraction related to
ionization is given by
Ionization contribution = −
k2p0
2ck2
∫ 0
ζ
dζ′W
(∣∣∣Eˆ∣∣∣) . (2.38)
For example, according to Eq. (1.73), we find that the intensity threshold corresponding to the
full ionization of Helium (He2+) is about 8.8 × 1015W/cm2. Typical multi-terawatt laser pulses,
employed in LPA, reach this intensity during a fraction of the first optical cycle, that is only a
small portion of the front of the pulse is needed to create a fully ionized plasma, and the rest of
the pulse undergoes propagation in a fully ionized, underdense plasma without feeling the effects
related to ionization-induced refraction. For nitrogen, instead, Eq. (1.73) predicts an intensity
threshold, for partial ionization up to N5+, of about 1.5 × 1016W/cm2, whereas a big “energy gap”
for N6+ and N7+ creation is found (intensity thresholds about 1×1019W/cm2 and 1.6×1019W/cm2,
respectively). We will see that, in our experimental conditions, N6+ and N7+ cannot be ionized
without invoking strong self-focusing mechanisms allowing those intensities to be locally reached.
Moreover, although N5+ intensity threshold is easily reached at the front of the pulse, nitrogen ion-
ization dynamics is a very complex process requiring dedicated simulations to reconstruct plasma
electron density profiles during pulse propagation (cf. [Kato et al., 1998]). What is expected, in
any case, is that ionization-induced effects will strongly affect pulse propagation in nitrogen.
2.7.1 Ionization-induced defocusing
When pulse precursors are able to partially ionize the gas, or when the pulse itself is not able
to “instantaneously” ionize the gas within the first optical cycles, defocusing of the laser pulse
occurs. In fact, the gas at the center of the beam, where intensity is higher, will be more ionized,
giving rise to a radial density grandient δne/δr < 0.
The refractive index can be approximated by η(r) ≈ 1 − ne(r)/2nc. By its substitution in the
envelope equation, it is possible to find that, for a diffraction-limited focusing Gaussian beam,
ionization-induced refraction will dominate optical focusing when:
ne
nc
>
λ
piZR
. (2.39)
If the ionization process is still incomplete at this point, the density will not overcome a value of
the order of (λ/piZR)nc, because no further focusing can occur. In any case, what is really important
1According to [Esarey et al., 1997], for a linearly polarized laser field the ionization rate in the tunneling regime is
given by
W
(∣∣∣Eˆ∣∣∣) = 4 (3
pi
) 1
2
Ω0Uˆ
7/4
I
EH∣∣∣Eˆ∣∣∣

1
2
exp
−23 Uˆ3/2I EH∣∣∣Eˆ∣∣∣
 , (2.37)
where Ω0 = 4.1 × 1016 s−1 is the characteristic atomic frequency, UˆI = UI/UH , UH = 13.6 eV is the ionization energy
of hydrogen, and EH = 5.2GV/cm is the atomic field of hydrogen.
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is that the maximum intensity reached can be very less than the diffraction-limited value.
Now it is evident why focusing on gas-jet surface (or just before if a ionizing precursor is
present) is needed. If, for example, a pulse with a diffraction-limited intensity in focal position
of 1018W/cm2 is focused at the center of an Helium gas-jet (1.4 × 1015W/cm2 is the intensity
threshold for its first ionization stage), it will start to partially ionize the gas well before reaching
the focal spot, and the consequent ionization-induced defocusing will prevent the intensity to reach
its expected value.
2.7.2 Ionization-modulation instability
Let’s consider a relativistic guided laser pulse propagating in a partially ionized plasma. Suppose
a perturbation δr < 0 of the initial equilibrium spot size rs = r0, corresponding to enhanced
focusing. In this case, obviously, the laser intensity on axis increases leading to a ionization rate
increase and, consequently, a local plasma density enhancement (δne/δr < 0), which corresponds
to a plasma refractive index decrease (δη(r)/δr > 0). Refractive index decrease causes the pulse
to defocus, overshooting its equilibrium value. Now we have δr > 0, corresponding to a laser
intensity decrease, which yields plasma density decrease, plasma refractive index enhancement,
and pulse focusing.
The result of this process is a modulation of the pulse envelope. For an equilibrium character-
ized by a nearly constant spot size rs(ζ) ≈ r0, the asymptotic (large z) behaviour of the perturbation
δr is given by exp[(1 ± i√3)Ne] [Esarey et al., 1997], where:
Ne(ζ, z) =
3
2
ne(ζ)k2p0r20z24nn0Z2R

1
3
, (2.40)
and nn0 is the initial neutral gas density. Hence, the modulation amplitude and period are functions
of the propagation distance z, and of the parameter ζ = z − ct, introduced in section 2.2. In
particular, we wish to notice that ionization-modulation instability causes laser pulse envelope to
asymptotically enlarge as propagation goes on2, that is ionization-modulation instability causes
the laser pulse to defocus.
2.7.3 Ionization-induced frequency upshift
Let’s consider an ultra-short laser pulse propagating in an underdense plasma. The high field
intensity induces an extremely high ionization rate, resulting in rapid creation of free electrons,
and a sudden decrease of the refractive index. Since the recombination time of the electrons in
the plasma is much longer than the laser pulse width, the electron density increases longitudinally
throughout the laser pulse, up to its maximum value. This differential ionization rate is sometimes
called “ionization front”. The resultant negative rate of change of the refractive index, felt by the
2We have: δr ∝ exp [Ne (z)] ∝ exp
(
z2/3
)
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pulse, leads to the frequency upshift of the portion of the pulse front interacting with the ionization
front: the so called ionization-induced (spectral) upshift, or “blueshift”.
In general, a variation of the index of refraction η(t) yields a shift in the instantaneous phase
of the pulse (self-phase modulation), and consequently in its frequency, given by:
ω(t) =
dφ(t)
dt
= ω0 − 2piL
λ0
dη(t)
dt
, (2.41)
where L is the distance the pulse has propagated. The resultant change in the wavelength is found
to be [Rae and Burnett, 1992, Wood et al., 1993]:
∆λ =
λ0L
c
dne
dt
. (2.42)
From a physical point of view, this process can be easier understood by considering that, since
the phase velocity is proportional to the plasma density (cf. Eq. (1.9)), the laser phase velocity at
the beginning of the ionization front is slower than at its back. Hence, the phase peaks at the back
move faster, approaching those at the front, which means that the wavelength decreases, and the
frequency increases.
In the underdense plasma limit (ne << nc), the spectral shift is given by [Rae and Burnett, 1992,
Wood et al., 1993]:
∆λ = − e
2niλ30L
8pi20mec3
dZ
dt
, (2.43)
where ni is the ion density, and Z is the degree of ionization.
Chapter 3
Electron laser-plasma acceleration
experiment: setup and results
In this chapter we will describe the setup and the most important diagnostics involved in an ex-
perimental campaign devoted to electron LWFA, which has been carried out at the Intense Laser
Irradiation Laboratory (I.L.I.L) of the C.N.R. campus of Pisa. Some relevant experimental results
will be presented.
The aim of this experimental campaign is to demonstrate the possibility to accelerate repro-
ducible, multi-MeV electron bunches with a moderate power, table-top laser system, searching
for the minimum conditions required to obtain bunches with high charge and acceptable energy
spread for possible applications [Gizzi et al., 2010, Cecchetti et al., 2010].
3.1 The laser system
The laser source is constituted by a Titanium-Sapphire (Ti:Sa) system, able to generate a “main”
pulse of 67 f s FWHM duration with peak power exceeding 2 TW, and a “probe” pulse of < 65 f s
FWHM duration and 0.1 TW peak power, at a repetition rate of 10 Hz. A schematic diagram of
the whole system is shown in Fig. 3.1.
A diode-pumped, 5W, continuous wave (CW), Nd:YVO laser pumps a femtosecond, “mode-
locked” oscillator (Tsunami, Spectra Physics), which generates sub-50 f s pulses at a repetition
rate of 82 MHz. These pulses are stretched and sent, at a 10 Hz repetition rate, into a regenera-
tive (Ti:Sa) amplifier, pumped by a frequency doubled Nd:YAG, Q-switched laser, which yields
amplification to a 3 mJ level. The “stretching” process is achieved by two diffraction gratings,
and consists of a temporal dilation of the pulse in order to keep the intensity under the breakdown
threshold of the optical components. Then the stretched pulses are further amplified to a 15 mJ
level by a two-pass amplifier pumped by another frequency doubled Nd:YAG Q-switched laser,
and subsequently splitted in two pulses containing 90% and 10% of the initial energy, respectively.
The pulse containing 90% of the initial energy is expanded to a 7mm diamenter beam, and sent
to a single grating (folded) compressor, yielding a final pulse duration < 65 f s. This pulse, once
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Figure 3.1: Schematic diagram of the 2 TW femtosecond laser system at the ILIL facility of the
INO-CNR of Pisa. The main beam is transported to the interaction chamber in vacuum.
frequency doubled, will be our “probe” for interferometric plasma density mapping. It reaches the
interaction chamber by propagating in air.
The other (10 %) pulse is sent into a 6−pass amplifier, in which a 2 cm diameter Ti:Sa crystal
is pumped by a frequency doubled, 1 J, Nd:YAG laser. Then the pulse is expanded to a 33 mm
diameter beam, and compressed to a pulse duration of 67 f s by a two-grating compressor, placed
under vacuum. The main pulse at the output has an energy up to 120 mJ. Finally, the pulse is
transported under vacuum to the interaction chamber via two beam stearing, motorised turning
mirrors, placed in two separate small vacuum chambers.
3.2 The laser pulse
The temporal and spatial properties of the femtosecond pulses have been characterized in detail
using custom developed second-order autocorrelator [Galimberti, 2002]. Second-order (intensity)
autocorrelation measurements are the standard method for determine the duration of ultra-short
pulses, because the response time of optoelectronic devices cannot be lower than hundreds of
femtoseconds. The incoming pulse is splitted into two pulses, which are sent with a variable delay
and focused into a medium with a χ(2) non-linearity. If the time delay τ is made sufficiently small,
so that the two pulses meet in the non-linear medium, the process of sum frequency generation
[Boyd, 2002] occurs, leading to second harmonic generation. The output signal is recorded by a
slow detector, which measures
Iac(τ) =
∫ +∞
−∞
I(t)I(t − τ)dt, (3.1)
the so called intensity autocorrelation function of the laser pulse. The overlap of the two pulses in
the crystal, and the consequent intensity of the output signal, depend on the time delay τ, hence
by varying the time delay it is possible to reconstruct the temporal profile of the autocorrelation
function of the laser pulse. The width of the autocorrelation temporal profile is related to that of
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Figure 3.2: Temporal profile of the laser pulse at full amplification, obtained by second-order
autocorrelation. The profile was fitted with a double Gaussian function to account for the real
pulse shape.
the pulse by a conversion factor which depends on the pulse shape: for a Gaussian profile, which
is our case, it is equal to
√
2.
The temporal profile of our pulse is shown in Fig. 3.2. To take into account the low intensity
tails of the curve, the data points were fitted with a double Gaussian function. A FWHM laser
pulse duration τ = 67 f s was found.
The power contrast of the laser pulse (defined in section 1.9) was measured with a third-
order cross-correlator (Amplitude Technology SEQUOIA). In this system, the full power pulse,
attenuated by reflections of high quality uncoated glass flats (≈ 102 attenuation), is split into two
equally intense pulses using a beam splitter. One of the pulses is sent through an optical delay
line, and is frequency doubled in a BBO crystal (2ω signal). Then the 2ω signal is combined
with the fundamental one in a non-linear crystal to generate third harmonic radiation (3ω), by sum
frequency generation. The output signal, detected in the forward direction by a photomultiplier, is
the so called third-order cross-correlation function:
I3ω(τ) =
∫ +∞
−∞
Iω(t + τ)I22ω(t)dt. (3.2)
Neglecting all possible effects of phase mismatch, the cross-correlation function width for a Gaus-
siam pulse is given by (τ2ω+τ
2
2ω)
1/2. It is found that, for τω/τ2ω > 6, the cross-correlation function
retrieves the fundamental pulse profile I3ω(τ) ≈ Iω(τ). Hence, by varying the time delay τ it is
possible to reconstruct the detailed structure of the laser pulse [Hong et al., 2005].
The cross-correlation curve, over a range of 200 ps, is shown in Fig. 3.3. A 109 contrast
for the ASE pedestal, over the entire explored range, is found. Moreover, the intensities of the
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Figure 3.3: Cross-correlation curves showing the laser pulse (right), and the detailed structure of
the laser pulse in the 200 ps window before the main pulse.
short pre-pulses before the main pulse, and of the picosecond pedestal, are around 10−5 times the
intensity of the main pulse. These measurements show that our laser pulse can be considered a
high contrast pulse. Thanks to the high contrast, the nanosecond ASE precursor is not able to
ionize the gas. Experiments performed by our group [Giulietti et al., 2007] were able to detect the
pre-plasma, produced by the picosecond pedestal and the short pre-pulses before the main pulse,
showing that it has a negligible effect on the main pulse propagation. In fact, picosecond pedestal
intensity keeps most of the time under the threshold needed for full ionization, hence undergoing
ionization-induced defocusing which strongly limits the possibility of pre-plasma formation.
The spatial quality of the laser pulse was studied by means of an Equivalent Plane Monitor
(EPM), consisting of a 100cm nominal focal length optics, and a 12 bits CCD camera (Photometric
Sensys) with a pixel size of 8 µm. An image of the beam, taken with the EPM at a distance of
7.5 cm before the best focus of the 100 cm optics, is shown in Fig. 3.4. A lineout of the beam
image, taken along the diameter, is plotted and fitted with a Gaussian function. Moreover, FWHM
of the focused laser spot versus distance for the 100 cm focal length lens is shown, fitted with the
related function for a Gaussian beam. By scaling the 100 µm FWHM focal spot size, obtained for
the 100 cm optics, to the 20 cm focal length, f/6 off-axis parabolic mirror used in our experiment,
a FWHM focal spot of ≈ 10µm can be assumed. This result was further verified by imaging the
spark produced in the focal spot by the laser pulse focused in air (with only the first amplification
stage working), and completely “eclipsing” it with a 20 µm wire. By considering a pulse duration
of 67 f s, and a maximum available pulse energy of 120 mJ, a peak intensity on target exceeding
1018W/cm2 is found. Finally, from EPM measurements it is possible to estimate the M2 parameter
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Figure 3.4: (left) Profile of the beam focal spot (taken along the diameter) of the equivalent plane
image of the focal spot (inset) of the laser beam taken at a distance of 7.5 cm before the nominal
focal position of a 100 cm focal length. The solid line (blue in the color version), shows the best
fit obtained with a Gaussian function. (right) Dependence of the FWHM of the laser beam as
retrieved at different distances from a 100 cm nominal focal length lens. Fits with the expected
behaviour for a Gaussian beam are also shown.
for the beam quality. M2 ≈ 2.5 is found, which implies for the Rayleigh length [Svelto, 1998]:
ZR =
pir20
λM2
≈ 40µm. (3.3)
Both the temporal and spatial data show a high quality femtosecond pulse, focusable in a
spot size close to the diffraction limit. Finally, the spectral distribution of the laser pulse was
measured with an OceanOptics spectrometer, which range extends up to 1200 nm. Fig. 3.5 shows
the measured number of counts (proportional to intensity) as a function of the wavelength, fitted
with a Gaussian function. A central wavelength value of λ = 800 nm is confirmed, with a FWHM
of ∆λ ≈ 14.5 nm.
3.3 Experimental setup description
In Fig. 3.6 the schematic layout of the experimental setup is shown. The main pulse is focused
onto the gas-jet target by an off-axis, f /6 parabolic mirror. As previously seen, the maximum
available pulse energy is 120 mJ, but we will take a value of 100 mJ as a reference. The good
quality of the focusing optics ensures that more than 90% of this energy reaches the focal spot,
which is characterized by a FWHM focal spot size φ ≈ 10 µm (corresponding to a beam waist
in the focal spot r0 ≈ 5 µm), and a Rayleigh length of ZR ≈ 40 µm. Hence, the peak power of
our gaussian pulse will be P = 0.94 × Energy/τL ≈ 1.4 TW, corresponding to a peak intensity
(according to Ref. [Esarey et al., 2009]) of I = 2P/pir20 ≈ 3.5 × 1018 W/cm2, and a laser strength
parameter of a0 =
√
7.3 × 10−19 × λ2[µm]I[W/cm2] ≈ 1.3.
The gas-jet (cf. Fig. 3.7a)) is placed at the centre of the interaction chamber. It is set up by
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Figure 3.5: Spectral distribution of the laser pulse measured with an OceanOptics spectrometer,
which range extends up to 1200 nm. The measured number of counts (proportional to intensity)
vs wavelength is plotted and fitted with a Gaussian function. A central wavelength value of λ =
800 nm is confirmed, with a FWHM of ∆λ ≈ 14.5 nm.
a rectangular nozzle (slit dimensions: 4 mm × 1.2 mm) placed upon a small reservoir in which
gas is stored at a variable pressure (from a few up to ≈ 50 bar). A fast electrovalve (opening
time: ≈ 1 ms) allows a supersonic laminar gas-jet to exit. Those characteristics of the gas flux
are ensured by the internal shape of the nozzle (cf. Fig. 3.7b)), and are important in order to
provide very steep density gradients needed to reduce instabilities during the interaction with the
laser pulse. The nozzle is mounted on a micrometric motorized support (Newport) controlled
by a computer program realized with LabView, allowing for focal scan along the three cartesian
axes. The possibility to vary the gas pressure allows for the possibility to study the interaction at
different gas densities. Moreover, the possibility to change the gas type allows to explore targets
characterized by different physical properties, mainly related to the atomic number. In fact, not
only the achieved electron plasma densities, but also the ionization properties, which determine
the pulse propagation dynamics (cf. section 2.7), depends on the gas type characteristics. For
each gas type, pressure scans together with focal position scans allow to find the best interaction
conditions for the production of accelerated electron bunches.
The interaction chamber consists of a hermetic steel “box”, with exit flanges equipped with
glass windows for optical diagnostics, or with micrometric motors control interfaces. A rotary
pump provides the primary vacuum stage (up to 10−2 Torr), while a turbomolecular pump (Varian
Turbo-V 550), connected to the chamber by a gate-valve, allows to reach the high vacuum condi-
tion needed for the experiment (≈ 10−5 Torr). Moreover, it is able to restore the high vacuum in a
few seconds after each gas-jet opening.
On the optical bench around the interaction chamber, the various electronic and interaction
diagnostics take place: Nomarski interferometer, to study plasma formation and evolution and
to map the electron density profiles; 90◦ Thomson Scattering diagnostics, to study the interac-
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Figure 3.6: Schematic layout of the experimental setup: a) “top view” of the basic setup in case
of LANEX diagnostic without magnetic spectrometer for detection, and morphologic characteri-
zation, of the electron bunches (“electrons detection only” arrangement). b) particular (top view)
of the LANEX diagnostic with magnetic spectrometer, for spectral characterization of the electron
bunches (“magnetic spectrometer” arrangement). c) particular (side view) of the 90◦ Thomson
Scattering diagnostics.
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Figure 3.7: a) Top view of the gas-jet. The slit dimensions are 4 mm × 1.2 mm. The main beam
reaches the nozzle orthogonally in the centre of the long side of the slit. b) Internal shape of the
supersonic gas-jet nozzle. Courtesy of Prof. Tomonao Hosokai.
tion region and the laser pulse propagation; phosphor screen (LANEX), electron spectrometer and
scintillators for detection and characterization of electron bunches accelerated during the interac-
tion. All the components of the experimental setup are connected to an electronic synchronization
system. When the laser shutter, which allows the pulse to reach the interaction chamber, opens,
properly shaped and timed trigger signals reach each diagnostic device, in order to synchronize it
with the very short (a few picoseconds) interaction time.
In the next sections all the various diagnostics, and the obtained results, will be reviewed,
except the 90◦ Thomson Scattering, to which the following chapter is dedicated.
3.4 Optical interferometry
Optical interferometry allows to retrieve information on the plasma density, and to study plasma
formation and evolution. The ILIL group has a solid experience about this experimental tech-
nique1.
Generally speaking, an optical interferometer allows to determine the phase difference be-
tween two rays of light, which have propagated along different paths. If the geometric length of
the two paths is the same, from the phase difference the difference in the refractive index along
the two paths can be retrieved. There are several schemes for the implementation of an optical in-
terferometer (e.g.: Michelson, Mach-Zender. . . ). Our choice for the Nomarski scheme, in which
a single probe beam undergoes angular division by a Wollaston prism, is due to practical reasons,
related to setup simplicity and available space.
1Some references about optical interferometry are [Gizzi et al., 2009b, Gamucci et al., 2008, Giulietti et al., 2007,
Giulietti et al., 2006, Galimberti, 2007, Gizzi et al., 2006, Gamucci et al., 2006, Tomassini et al., 2002,
Tomassini et al., 2001, Tomassini and Giulietti, 2001]
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Figure 3.8: Schematic layout of a Nomarski interferometer. In the real case the superposition
region is wider, and includes both the object images. A CCD camera (Pentax K10D), placed at
b + p′ distance from the focal plane of the achromatic doublet (A. D.), records the interference
fringe pattern images.
3.4.1 The Nomarski interferometer
In our Nomarski scheme, the probe beam (cf. section 3.1), which has doubled frequency2 respect
to the main, goes through a delay line (cf. Fig. 3.6), set up by some mirrors, which can be moved
by computer controlled micrometric motors. By changing probe time delay with respect to the
main, the plasma at different times from its creation can be studied. After the delay line, the probe
enters the interaction chamber passing through a glass window, crosses the plasma, and exits the
chamber through another glass window.
Then the probe beam (cf. Fig. 3.8) is linearly polarized by a polarizer (P1), and is focused
by an achromatic doublet, placed at a distance b from a Wollaston prism. The Wollaston prism
consists of two equal triangular prisms made up by birefringent crystal, assembled in order to
form a parallelepiped. Their optical axes are perpendicular to each other, and to the incident
beam propagation direction, whereas the angles between the two optical axes and the polarization
direction of the input beam must be equal to 45◦ in order to achieve the maximum contrast of
the interference fringes. To a linearly polarized beam input corresponds an output made up by
two beams, orthogonally polarized to each other, and with different exit angles. In fact, when a
polarized beam orthogonally crosses the surface of the first prism, it divides in two beams (ordinary
and extraordinary), both propagating in the same direction. When these two beams cross the
interface between the two prisms, because of the orientation of the optical axis of the second
prism and the different refraction indexes for the two beams, the extraordinary beam becomes
2In this way, it is easy to reduce the noise related to main pulse diffusion during interaction, by placing an infrared
filter along the interferometer path.
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ordinary and is deflected towards its incidence axis, and vice versa: the result is that the two
beams undergoes an angular separation. Being η − δη, η + δη the ordinary and the extraordinary
refractive index, respectively, the angular separation turns out to be:
α =
2δη
η tan (θ)
, (3.4)
where θ is the Wollaston interface angle. For small incidence angles, we can describe this result
by splitting the real point source in the focus of the lens in two virtual foci (F′, F′′), separated by
the distance ≈ bα.
The two output beams have mutually orthogonal polarizations, so another 45◦-oriented polar-
izer (P2) is placed before the superposition region, in order to achieve interference fringes. For
proper functioning of the Nomarski interferometer, it is necessary that the plasma perturbs only a
small portion of the probe beam, and that its two images do not overlap. The interference fringe
pattern is recorded by a CCD (Pentax K10D), placed at the proper distance (l = b + p′) from the
focal plane of the achromatic doublet (A.D.).
The interference fringes are, in general, hyperboles, but on the small region in which we are
observing we can approximate them with lines perpendicular to the z axis. The separation between
fringes turns out to be [Born and Wolf, 1986]:
∆ =
lλ′
b
≈ p
′λ′
bα
, (3.5)
where λ′ is the probe wavelength, and the experimentally realistic condition p′ >> bwas assumed.
According to Eq. (3.5), by changing the distance between the Wollaston and the A.D.,the fringe
separation can be adjusted in order to improve the visibility. Moreover, by rotating the Wollaston
it is possible to modify the fringes orientation.
The very short duration of the probe beam (< 65 f s) implies a coherence length of about 20µm.
Hence, the optical path difference must not exceed this value. This explains why the set up of a
two-arm interferometer is experimentally more difficult.
3.4.2 Interferogram analysis
Let’s consider the case in which a portion of the probe beam crosses a length L of an underdense
plasma with a refractive index η. Its wave vector, in the plasma region, is k1 = 2piη/λ′, while for
the unperturbed portion we have k = 2pi/λ′. The resultant dephasing turns out to be:
∆φ =
2piL
λ′
(η − 1) , (3.6)
corresponding to a fringe displacement
∆x =
L∆
λ′
(η − 1) , (3.7)
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where ∆ is the fringe separation (3.5).
In the realistic case of a non-homogeneous plasma we have:
∆φ =
2pi
λ′
∫ L
0
[
η (x, y, z) − 1] dx. (3.8)
The refractive index of an underdense plasma can be approximated by η = 1 − ne/2nc. Hence:
∆φ ≈ pi
λ′nc
∫ L
0
ne (x, y, z) dx. (3.9)
Eq. (3.9) relates the plasma density to the dephasing measured on the interference fringe pattern.
In order to extract a 3D plasma density map from our interference fringe pattern, an algorithm
for the phase map extraction from the fringe pattern image, and another algorithm for the inversion
of the relation (3.9) are needed.
The phase map extraction is accomplished by calculator through one of two possible numerical
methods able to reduce the image noise background, and to identify the fringe structure. The first is
based on the so called “Fast Fourier Transform” (FFT): the fringe structure of a 2D interferogram
image is assumed to be described, in intensity, by [Nugent, 1985]:
I (x, y) = B (x, y) + V (x, y)
exp
[
iφ (x, y)
]
2
exp
[
2pii (ω0x + ν0y)
]
+ c.c., (3.10)
where ω0 is the fringe frequency along the x direction, ν0 is the fringe frequency along the y
direction, B (x, y) accounts for the background variations in the interferogram, V (x, y) accounts
for fringe visibility variations, φ (x, y) is the required phase information, and c.c. is the complex
conjugate of the second term on the right hand side. By Fourier transforming equation (3.10), we
find:
i (ω, ν) = b (ω, ν) + v′ (ω − ω0, ν − ν0) + v′∗ (ω + ω0, ν + ν0) , (3.11)
where v′ is the Fourier transform of V ′ (x, y) = V (x, y) exp
[
iφ (x, y)
]
/2, and v′∗ of its complex
conjugate. By assuming the frequency related to the background noise to be negligible with respect
to the one related to fringe separation, it is possible to extract v′ (v′∗) from (3.11), Fourier anti-
transform it to obtain V ′ (x, y), and take its complex logarithm:
log
[
V ′ (x, y)
]
= log
[
V (x, y)
2
]
+ iφ (x, y) . (3.12)
From the last equation, the phase information can be retrieved, without limitations related to fringe
visibility and background noise.
The other method is called IACRE (“Interferogram Analysis via Continuous wavelet trans-
form Ridge Extraction”), and is based on a signal processing technique known as Continuous
Wavelet Transform (CWT). The oscillating function basis, on which the signal is decomposed, is
not exp (−iωt), like in FFT case, but a basis made up by translation (b) and homotheties (a) of a
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“mother wavelet” function of the form [Tomassini et al., 2001]:
Ψa,b (t) =
1
a
Ψ
(
t − b
a
)
, (3.13)
which can be quite arbitrary chosen, depending on the information we want to retrieve. Hence,
CWT coefficients of a signal s(t) are calculated as scalar products Ws(a, b) =
〈
Ψa,b|s〉. A typical
choice for the mother wavelet is the Morlet one:
Ψ (t) = exp (iω0t) exp
[
−
( t
τ
)2]
, (3.14)
where ω0 is the peak frequency, and τ is the length of the signal. The advantage of this method
over the FFT is that it allows a frequency analysis of a signal without completely losing spatial
information.
The inversion of the relation (3.9) cannot be accomplished in the most general case of plasma
density distribution. In fact, the information provided by our interferogram is integrated along the
line of sight. Nevertheless, in case of an axial symmetry, an algorithm known as Abel inversion
allows to retrieve the density distribution as a function of radial and longitudinal coordinates:
ne(r, z). We assume an axially symmetric density profile with best symmetry axis z0. The relation
between electron plasma density ne(r, z) and dephasing ∆φ after Abel inversion turns out to be
[Tomassini and Giulietti, 2001]:
ne (r, z) = −nc λ
pi2
∫ ∞
r
dξ
1√
ξ2 − r2
δ
δξ
∆φ (ξ, z) . (3.15)
Plasmas produced by interaction between femtosecond pulses and gas-jet generally show a certain
degree of symmetry around the pulse propagation axis (z). Nevertheless, in the previously cited
reference [Tomassini and Giulietti, 2001], a useful generalization of Eq. (3.15) for electron plasma
density distributions slightly departing from axial symmetry is reported.
All the above-mentioned operations are implemented by a program, able to extract phase maps
(both with FFT and IACRE techniques) from interferograms, and to calculate and plot 3D density
distributions, as well as 2D longitudinal and transversal lineouts.
Finally, a spatial calibration of the interferogram is needed. It is accomplished by imaging
a 60 µm diameter wire (crf. Fig. 3.9): for this particular interferometry setup it turns out to be
3pixels = 1µm. It is important to notice that the two images of the wire are separated by a distance
corresponding to ≈ 300µm. Hence, for plasma channels longer than this separation superpositions
of the two images occurs, and it is not possible to accomplish our analysis.
3.4.3 Results
In Figure 3.10, an example of interferogram is shown. It clearly shows the presence of the double,
non-overlapped image of a cylindrical plasma of > 230 µm length and & 10 µm FWHM diameter,
related to the non-linear propagation of the main pulse into the N2 gas-jet, at a backing pressure
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Figure 3.9: Calibration interferogram (only the Blue channel is selected). The double image of a
60 µm diameter wire is clearly visible.
Figure 3.10: Interferogram taken ≈ 1 ps after the main pulse arrival. The main pulse is coming
from the right side, and is focused at ≈ 50 µm into a N2 gas-jet (respect of the edge facing the
incoming pulse), and 400µm from the nozzle. The gas-jet backing pressure is 35 bar. The double,
non-overlapped image of a plasma channel of > 230 µm length and & 10 µm FWHM width is
clearly visible. In the inset, the region of interest (ROI), selected for further analysis, is shown.
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Figure 3.11: Interferogram taken at latter (≥ 3 ps) time (blue channel). The main pulse is coming
from right and is focused at ≈ 50 µm into a N2 gas-jet (respect to the edge facing the incoming
pulse), and 400µm up from the nozzle. The gas-jet backing pressure is 35bar. The pulse undergoes
guided propagation over a distance of ≈ 300 µm, then diffraction occurs. The two images result to
be overlapped, making analysis for density recovering impossible.
Figure 3.12: ROI image retrieved after inverse FFT transform for noise background reduction.
of 35 bar. The focal position is ≈ 50 µm inside respect to the edge facing the incoming pulse,
and 400 µm up from the nozzle. This experimental condition is chosen because, after accurate
pressure and focal scans (cf. subsection 3.5.1), it turned out to be the most favourable for electron
acceleration. Because of the very short time (≈ 1 ps) elapsed from its arrival, the expansion of the
laser pulse, due to defocusing, has not started yet. The fact that the laser pulse propagates, without
defocusing, over a distance > 230 µm ≈ 6 ZR is a first confirmation that a refractive guiding
mechanism is occurring. In Fig. 3.11, an interferogram taken at latter time is shown. Laser pulse
widening due to defocusing, which follows guided propagation over ≈ 300 µm, is clearly visible.
In this interferogram (and in all the inteferograms with similar or greater time delays), the two
images result to be overlapped, making analysis for density recovering impossible. Superposition
of the two images limits the possibility to perform accurate time delay scans in pump-and-probe
configuration to very short delays, and it constitutes the main drawback of using a Nomarski
interferometer setup.
Our analysis starts from the region of interest (ROI), selected in Fig. 3.10. Applying all the
steps of the algorithm of analysis described in the previous subsection, information on the electron
plasma density is retrieved. In Fig. 3.12, the ROI image after noise background reduction by
inverse FFT transform is shown. The resulting electron density map in color scale is shown in Fig.
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Figure 3.13: Plasma electron density retrieved from the interferogram related to a shot performed
onto N2 gas-jet, at a backing pressure of 35 bar. The spatial coordinates are related to the choice
of the ROI (cf. Fig. 3.10). Up: electron density map in color scale. Down: electron density 3D
profile plot.
Figure 3.14: Longitudinal lineout, taken at Y = 44 µm, of the plasma electron density profile of
Fig. 3.13. A plasma electron peak density of 7 × 1019 cm−3 is retrieved, which corresponds to
a critical power for relativistic self-focusing of Pc ≈ 0.4 TW. Inset: trasversal lineout taken at
Z = 100µm: a plasma of ≈ 10µm FWHM diameter is confirmed.
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3.13, together with the related 3D density profile plot. Longitudinal and transversal lineouts of the
the density profile can be found in Fig. 3.14.
A peak value of the plasma electron density of 7 × 1019 cm−3 is found, and it will be our
electron density reference. In fact, the smooth ionization front with a density gradient of the order
of 100 µm, shown in Fig. 3.14, is not real. It is an artifact, coming up as a consequence of the
finite transit time of the probe through the ionized region, whose front moves at the speed of
light [Galimberti, 2007, Giulietti et al., 2006]. The origin of the second small trailing peak may
be related, according to Ref. [Gizzi et al., 2009b], to the presence of a second ionizing picosecond
post-pulse (cf. Fig. 3.3), which arise from spurious reflections of the main pulse in the laser chain.
The picosecond post-pulse may give rise to a second trailing ionization peak only if we assume
that it is focused in a different position (i.e., it has a slightly different beam divergence) than the
main focus, otherwise it would only lead to a small step-wise increase in the ionization profile
generated by the main pulse. We wish to notice that what stated above is not in contrast with
our previous statement about negligible ionization attributed to picosecond pre-pulses. In fact,
picosecond pre-pulses undergo strong ionization-induced defocusing (cf. subsection 2.7.1), while
the post-pulse propagates in an already partially ionized (by the main pulse) plasma.
Our reference density value corresponds to a critical density for relativistic self-focusing of
Pc ≈ 0.4 TW, well below the peak power of our pulse, which confirm the possibility of relativistic
self-focusing to occur in our experimental condition.
Finally, we wish to notice that, from the interferogram at very early times of Fig. 3.10, it is
possible to confirm that ASE nanosecond pre-pulse does not give rise to pre-plasma formation.
In fact, because of the “long” time (≈ 1 ns) elapsed from ASE pre-pulse arrival, the correspond-
ing pre-plasma should have undergone hydrodynamical expansion over hundreds of micron and
should be revealed by our diagnostics: no fringes perturbation corresponding to such pre-plasma
is present.
3.5 LANEX screen, electron spectrometer and scintillators
LANEX screen, electron spectrometer and scintillators are the diagnostics devoted to electron
bunches detection and characterization.
Scintillators coupled with photomultiplier are able to detect γ-rays generated by bremsstrahlung
of energetic electrons. The signal is revealed and recorded by an oscilloscope. This diagnostic has
been used throughout the experiment, especially during the focal and pressure scans, to find the
best conditions for electron acceleration in terms of reproducibility of the signal.
LANEX (Kodak) screen enables to “image” the produced electron bunches. It consists of a
scintillating layer of Gadox (Gd2O2S : Tb) and various protective layers of plastic material. When
it is exposed to ionizing radiation (charged particles, X or γ rays etc.), Gadox emits fluorescence
green light at a wavelength of 546 nm. LANEX is placed inside the interaction chamber, on the
laser propagation axis after the gas-jet target, in order to intercept the accelerated electron bunches.
A 25 µm thick Al layer avoids diffused laser light striking the LANEX screen. The fluorescence
3.5. LANEX SCREEN, ELECTRON SPECTROMETER AND SCINTILLATORS 57
light, emitted by the rear surface of LANEX during interaction with electron bunches, is detected
by a CCD camera, where it is imaged by an objective.
The fluorescence energy released by each electron on LANEX does not depend, over the
1 MeV energy threshold, on the energy of the electron itself [Glinec et al., 2006]. Hence, at the
energies of interest, the amount of fluorescence emission depends only on the amount of charge
impinging on the screen, and not on the electron energies. Decoupling between information about
the energy with respect to the charge enables to reconstruct the electron bunch spectrum as well
as its divergence.
While working in the so called “electron detection only” arrangement, shown in in Fig. 3.6a),
LANEX provides information on bunch divergence and morphology. In order to retrieve infor-
mation about electron bunch spectrum, a magnetic spectrometer is placed between the gas-jet and
the LANEX CCD system (at ≈ 44 mm from the LANEX), as shown in Fig. 3.6b). Magnetic
spectrometer allows to measure electron bunch spectra at a high repetition frequency, inside the
interaction chamber. While operating in magnetic spectrometer configuration, the information on
bunch divergence and morphology is lost.
The magnet consists of a permanent dipole, characterized by high stability. A ≈ 0.5mm width
slit is placed before the magnet, in order to reduce its acceptance. In fact, laser accelerated bunches
have considerable divergences and pointing instability, which reduce the spectrometer resolution.
A magnetic spectrometer is based on the motion of a charge q with velocity ~v in a magnetic
field ~B, described by the relativistic Lorentz equation
d~p
dt
=
d
dt
mγ~v = q~v × ~B, (3.16)
where γ = const.,
∣∣∣~v∣∣∣ = const., because the Lorentz force does not make any work, being always
orthogonal to the velocity. By assuming a constant and uniform magnetic field, the charge will
undergo a circular motion, at an angular velocity equal to the (relativistic) cyclotron frequency
[Jackson, 1999]:
ωC =
q |B|
γm
. (3.17)
Hence, the transverse moment of the particle will be ~p⊥ = mγ ~ωC×~R, resulting in a ray of curvature:
R =
∣∣∣~p⊥∣∣∣
q |B| , (3.18)
which can be expressed in term of the particle initial energy by using p2 = E2/c2 − m2c2. Hence,
the magnetic spectrometer deflects charged particles moving through it, and the amount of the
deflection, together with the knowledge of the mass and the charge of the particle, provides the
information about its energy.
An algorithm (SPECMag, cf. [Vittori, 2008] for the details) was implemented in order to
account for spatial non uniformity of the magnetic field as well as all the possible sources of error.
The results obtained by the magnetic spectrometer are confirmed by the measurements carried
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Figure 3.15: Longitudinal position (x in the graph) scan of the main pulse focus onto a N2 gas-
jet target, at a backing pressure of 40 bar. Zero position corresponds to the centre of the nozzle
slit, so the edge of the slit facing the incoming pulse is around x = 630 µm. Intensity refers to
LANEX integrated signal, averaged over a certain number of shots. The maximum is found to be
at ≈ 100 µm inside the gas-jet.
out using the so called “SHEEBA” detector, which is an energy spectrometer based on sandwiched
Radiochromic films (cf. [Galimberti et al., 2005] for further information).
3.5.1 Results
In Fig. 3.15, the result of a focal position scan in a N2 gas-jet, at a backing pressure of 40 bar,
is shown. Intensity refers to LANEX integrated signal, averaged over a certain number of shots.
The maximum is found to be at ≈ 100 µm inside the gas-jet, and this value will be our reference
for the following.
In Fig. 3.16, pressure scan, performed with the laser pulse focused onto the edge of the nozzle
slit facing the incoming pulse, is shown. As before, intensity refers to LANEX integrated signal,
averaged over a certain number of shots. Signal increasing together with pressure is observed,
up to ≈ 35 bar. The following decrease may be an artifact due to the poor reproducibility of
measures, related to experimentally verified gas-jet drawbacks at pressures > 40 bar. In fact,
electron injection in the plasma wave is expected to be larger at higher densities. A pressure value
around 35 ÷ 40 bar will be our reference for the following.
In Fig. 3.17, two examples of LANEX outputs in “electrons detection only configuration” are
shown. Fig. 3.17a) represents a typical, high-reproducible output for the case of N2 gas-jet target in
a pressure range of 30÷ 50 bar, whereas 3.17b) represents an example of high-collimated electron
bunch produced in He gas-jet, and characterized by a poor reproducibility. The divergence for the
first one is about 20◦, whereas for the second we have ≈ 2◦.
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Figure 3.16: Pressure scan performed with the laser pulse focalized onto the edge of the nozzle slit
facing the incoming pulse. Intensity refers to LANEX integrated signal, averaged over a certain
number of shots. An overall increasing of the signal with pressure increasing is observed, up to
≈ 35 bar. The following decrease may be an artifact due to the poor reproducibility of measures
related to gas-jet drawbacks at pressures > 40 bar.
Figure 3.17: Two examples of electron patterns from LANEX.
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Figure 3.18: Electron spectrum obtained in N2, at a backing pressure of 45 bar. A broad peak
between 5 and 6 MeV is present, characterized by an energy width of more than 30%. Inset: the
corresponding LANEX image.
Those behaviours can be explained taking into account the conditions of the correspondent
interactions. In the N2 case, a reference plasma electron density of 7×1019 cm−3, corresponding to
a plasma wavelength of 4µm, was measured. Since our pulse length is about 20µm, the resonance
condition (1.42), needed for resonant LWFA scheme, is very far to be satisfied. Hence, acceler-
ation occurs via non-resonant mechanisms (cf. section 3.6), triggered by non-linear mechanisms
like relativistic self-focusing. The critical power for self-focusing, in reference N2 case, is about
0.4 TW, which is well reached by our pulse (peak power ≈ 1.5 TW). In the He case, instead,
densities are 2 ÷ 3 times lower, because each He atom contributes with only 2 electrons against
the ≈ 5 of the N one. Hence, in He case the power threshold for relativistic self-focusing is more
hardly satisfied, reducing the shot-to-shot reproducibility of accelerated bunches. On the other
hand, interaction take place in conditions closer to resonance.
In Fig. 3.18, an example of bunch energy spectrum, obtained shooting on N2 gas-jet at a
backing pressure of 45 bar, is shown. A broad peak around 5 ÷ 6 MeV is present, with an energy
width of more than 30%, and electrons with energy up to 10 MeV are visible. This regime can be
interesting when a great charge per bunch is required, neglecting spectral and spatial quality.
In Fig. 3.19, an example of narrow-peaked energy spectrum, obtained in He, is shown. As
expected, results obtained in He, whereas less reproducible, show features related to a laser-plasma
interaction nearer to resonance condition. Lower plasma density, however, implies less bunch
charge and a less efficient mechanism of auto-injection [Mangles et al., 2004].
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Figure 3.19: Electron spectrum obtained in He, at a backing pressure of 35 bar. A narrow peak
around 4.5 MeV is present, characterized by an energy width of less than 20%.
3.6 The acceleration regime
As pointed out in subsection 1.4.1, only full 3D simulations can account for non-linear effects
occurring in the wakefield region, which are responsible for the non-linear growing of the plasma
wave, and for the wave-breaking mechanisms necessary for electron auto-injection. Performing
such kind of simulations is well beyond the scope of the present thesis, so we will refer to a 3D
particle-in-cell (PIC) simulation, performed with the code CALDER (cf. [Lefebvre et al., 2003]),
to study electron acceleration in conditions similar to ours at SLIC laser facility of CEA-Saclay,
France [Giulietti et al., 2008].
Main differences with our case were laser peak power (10 TW against 2 TW) and gas target
(He), which resulted in an electron plasma density of 2 × 1019 cm−3. In that case, plasma wave-
length was ≈ 7.5 µm, and critical power for relativistic self-focusing ≈ 1.4 TW. Pulse duration
was very close to ours, then also in their case the resonance condition (1.42) for LWFA was not
accomplished.
The experimental results, although quantitatively different as a consequence of the different
laser power and plasma density, were qualitatively similar. Poor shot-to-shot reproducibility in the
peak energy of the electron spectra (unpredictable variations in the range [10, 45] MeV), 30mrad
FWHM collimation, and 100 mrad FWHM pointing instability (over several tens of shots) were
observed.
Simulation shows a first stage of modest self-focusing and temporal compression of the pulse,
with excitation of non-linear plasma waves. Then, self-phase modulation and pulse compres-
sion cause the original pulse to split into pulselets (resembling the case of self-modulated laser
wakefield acceleration regime discussed in subsection 1.2.4), which length is related to the plasma
wavelength, hence, to the plasma density. This process leads to an increase of the plasma wave am-
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Figure 3.20: Snapshots from the 3D simulation. (a) Electron density distribution when the laser
pulse propagated about 1.65 mm after the gas-jet entrance. Electron bunches with energies >
5MeV are identified by the blue contour lines. (b) - (d) Electron momentum distribution along the
propagation axis when the laser pulse is at 1 mm, 2 mm and 2.5 mm from the gas entrance. Taken
from [Giulietti et al., 2008].
plitude. In Fig. 3.20(a), a snapshot of the 3D simulated electron density after 1.65mm propagation
inside the gas is shown. The non-linear plasma wave growth, with progressive transverse bending
of the wave front, is clearly evident. According to [Bulanov et al., 1997], the effect of progressive
transverse bending of the wave front can cause transverse wave breaking, and consequent electron
injection in buckets behind the first plasma period.
In Figs. 3.20(b) - (d), electron momentum distributions along the propagation axis at various
propagation positions are shown. In the Saclay case, as can be seen, electrons were accelerated
up to 42 MeV and laser pulse depletion stops plasma wave growth after a propagation distance
of about 2.5 mm. The accelerated electrons propagate in the last part of the gas-jet (in that case
it was 4 mm thick), remaining quasi-monoenergetic and collimated. As in our case, shot-to-shot
fluctuations in the peak energy and multiple-bunch accelerations were experimentally observed.
The former are expected because of the non-linear nature of the above described acceleration
process, while the latter account for the high efficiency of the process in terms of accelerated
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charge amount.
Coming back to our case, lower peak energies in the electron spectra are expected as a con-
sequence of lower laser pulse peak power. We need to work at higher density in order to achieve
relativistic self-focusing and trigger the non-linear plasma wave growth. Lower pulse energy im-
plies shorter depletion lengths (hundred of microns versus millimiters). Higher plasma density
and lower depletion length imply shorter acceleration length. Moreover, higher plasma density
imply more instable interaction resulting in less electron bunch spectral and spatial quality.
Nevertheless, the basic features of interaction can be assumed similar in the two cases. This
is consistent with the similar peak-to-critical power ratio for relativistic self-focusing, the non-
resonant, moderately relativistic, non-linear nature of both the laser-plasma interactions, which
result into similar features of the accelerated electron bunches.
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Chapter 4
Thomson Scattering for direct
observation of non-linear laser pulse
propagation in plasmas
This chapter is dedicated to the 90◦ Thomson Scattering diagnostic involved in our electron ac-
celeration experiment, and it represents the main original contribution of the present thesis to this
experimental campaign. In the first part of the chapter the experimental setup and the theoretical
background is described. Then a discussion of the data is presented.
The importance of 90◦ Thomson Scattering diagnostic in the determination of interaction and
pulse propagation conditions is shown. In particular, large frequency upshifts, shown by Thom-
son Scattering images, are reviewed and quantitatively characterized by home developed RGB
to wavelength conversion algorithm. This effect is explained in terms of laser pulse self-phase
modulation induced by the interaction with a moving ionization front.
4.1 Setup description
A schematic lineout (side view) of the 90◦ Thomson Scattering diagnostic is shown in Fig. 4.1.
The linearly polarized (along the x direction) laser pulse, propagating in the z direction, focuses
onto the gas-jet surface with a “p”1 polarization configuration. 90◦ Thomson Scattering by plasma
electrons (cf. the following section) sends a part of the laser light along the y direction. This light
is collected by a 45◦-oriented mirror and sent to a D = 50.8mm diameter, f = 250mm achromatic
doubled placed inside the vacuum chamber at a distance of ≈ 278 mm from the focal position.
Then the light propagates through a glass window out of the vacuum chamber and reaches a
beam splitter. The small amount of light reflected is focused on a fiber spectrometer (BWTEK
BRC111A CCD array spectrometer), providing the spatially and temporally integrated spectrum
of the scattered light. The transmitted light is properly imaged on a “Pentax K100D Super” CCD
1“p” is the polarization for which the electric field of the light wave lies in the same plane as the incident ray and
the surface normal of the gas-jet (i.e. the plane of incidence).
65
66
Chapter 4: Thomson Scattering for direct observation of non-linear laser pulse propagation in
plasmas
Figure 4.1: Schematic lineout (side view) of the 90◦ Thomson Scattering diagnostic. The laser
electric field oscillates along the x direction. The 90◦ Thomson scattered light is collected by
a 45◦-oriented mirror and sent to a 50.8 mm diameter, f = 250 mm achromatic doubled placed
inside the vacuum chamber. Then the light crosses a glass window and reaches a 45◦-oriented
beam splitter. A small amount of light is properly focused on a fiber spectrometer, whereas the
main part is properly imaged, with a magnification M ≈ 9, on a CCD camera. Inset: Coordinate
system used throughout all the chapter.
camera, with a magnification M ≈ 9. Magnification has been measured by imaging an object of
known dimensions. It results that:
1 pixel ≈ 0.68 µm. (4.1)
The collection angle of our imaging system, by considering the source as point-like, is limited
by the angular aperture of the achromatic doublet to be α = 2 arctan (D/2 f ) < 12◦. For this reason,
according to our coordinate system, the conditions on the Thomson Scattering angles for light to
be collected by our system are:
84◦ < θ, φ < 96◦, (4.2)
where θ is the angle between the observation direction and the laser propagation direction, and φ is
the angle between the scattering plane and the laser polarization direction. In this condition, only
large angle scattered radiation can be imaged by our experimental setup.
Finally, neutral optical filters were placed before the CCD camera in order to reduce the signal
intensity to avoid images saturation.
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Figure 4.2: An example of a Thomson Scattering image, taken with the light on in chamber.
Thomson Scattering as well as plasma self-emission and the nozzle front edge position are clearly
visible.
A typical Thomson Scattering image, taken with the light on in chamber, is shown in Fig.
4.2. This image, useless for analysis purposes, shows all the features of the interaction: Thomson
Scattering as well as plasma self-emission and the nozzle front edge position are clearly visible.
We wish to notice that Thomson Scattering emission begins some tens of micron before the nozzle
front edge.
4.2 Thomson Scattering theory
In this section a brief review of the theory of the non-relativistic Thomson Scattering by a single
free electron is done. This first simple case is then generalized to the relativistic case, focusing the
description to our experimental condition.
4.2.1 Non-relativistic case: linear Thomson Scattering by a single free electron
When an electromagnetic plane wave “runs out” a free electron2 of charge −e, and mass me,
the electron will be accelerated and radiation will be emitted in directions other than that of the
incident plane wave [Jackson, 1999]. In the case of non-relativistic motion of the electron (i.e. for
peak electric field such that a0 << 1), the emitted radiation has the same frequency as the incident
one, and the whole process may be described as a scattering of the incident radiation. This is the
2The present description can be generalized to the case of a generic free particle of charge q and mass m by per-
forming, in all the equations, the following substitutions: −e → q, and me → m.
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case of linear Thomson Scattering.
For low frequency incident radiation, ~ω/c << mec, the incident photon momentum is very
small respect to the electron one and we can neglect the electron recoil during the scattering
process (Compton effect). In this case the Thomson Scattering description can be used, which is
also the case for our experimental conditions, being ~ωL ≈ 2.5× 10−19J << mec2 ≈ 8.2× 10−14J.
According to the Larmor formula, the instantaneous power for unit solid angle radiated by the
electron is:
dP
dΩ
=
e2
4pic3
∣∣∣~˙v∣∣∣2 sin2 φ, (4.3)
where ~˙v(t) is the speed of the electron, and φ is the angle between the scattering plane and the
acceleration suffered by the electron (i.e. the light polarization). If ~k is the wave vector and ~ is
the polarization vector, the electric field can be written as
~E(~x, t) = ~ E0 exp[i(~k · ~x − ωt)]. (4.4)
From Lorentz equation for non-relativistic motion it can be found
~˙v(t) = ~
e
me
E0 exp[i(~k · ~x − ωt)]. (4.5)
By assuming that the electron motion is negligible with respect of a wavelength during one oscil-
lation cycle, the average power for unit solid angle can be expressed as:〈
dP
dΩ
〉
=
(
e2
mec2
)2 cE20
8pi
sin2 φ. (4.6)
Since a scattering process want to be described, it is convenient to introduce a differential cross
section, defined by
dσ
dΩ
=
Energy radiated
unit time × unit solid angle / Incident energy f lux, (4.7)
which is physically equivalent to the area of the incident wavefront which delivers the same power
as that re-radiated by the electron. The incident flux is the time-averaged Poynting vector (cE20/8pi)
of the plane wave, thus we finally obtain
dσ
dΩ
=
(
e2
mec2
)2
sin2 φ, (4.8)
for the linear Thomson Scattering differential cross section.
In the experimental setup here presented, laser pulse propagation direction, polarization di-
rection, and Thomson Scattering observation direction are mutually orthogonal, so by taking
φ = 90◦ → sin2 φ = 1 we can estimate the differential cross section for the 90◦ Thomson Scatter-
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ing process of our interest:
dσ/dω ≈ 7.94 × 10−26cm2.
4.2.2 Relativistic case: non-linear Thomson Scattering by a single free electron
At very high intensities (& 1018W/cm2), corresponding to peak electric field such that a0 > 1, the
electron motion becomes relativistic, and its description requires the complete Newton-Lorentz
equation and the energy equation [Gao, 2004, Gao, 2006]
d~P
dt
= (−e)[~E(~r, t) + ~v × ~B(~r, t)], (4.9)
d
dt
(γmec2) = −e(~v · ~E) (4.10)
where ~P = γme~v is the electron momentum and γ = (1 + a2/2)1/2 is the Lorentz relativistic factor.
Since ~B(~r, t) = (1/c)kˆ × ~E(~r, t), when the field amplitude E increases the action of ~B cannot
be neglected. In our conditions (I > 1018 W/cm2), a significant magnetic field of ≈ 104 Tesla is
generated. This strong magnetic field, combined with the high electron speed ~v due to the large
electric field of the laser, results in a huge Lorentz force ~v × ~B along the direction of the wave
propagation zˆ.
If we switch from the laboratory frame to the so called “average frame”, in which the drift
velocity is zero, it can be found that the electron, quivering in such high fields, will move in the so
called “figure-eight patterns” [Gibbon, 2005, Chen et al., 1998, Gao, 2004]:
16z2 = x2
a20
γ20
− x2
 , (4.11)
shown in Fig. 4.3. Electron moving along such trajectories radiates photons at harmonics of the
frequency of the incident wave, as shown in Fig. 4.4.
Moreover, Thomson scattered radiation suffers of a continuos double Doppler shift due to the
electron drift motion. In fact, the electron feels a shifted frequency as a receiver and radiates in the
drifting frame relative to the laboratory frame. Let Up = (e2/20meω2c)I be the ponderomotive
energy, the averaged drifting velocity vd can be found to be [Gao, 2006]
vd ≡ 〈vz〉 = Upmec2 + Up c. (4.12)
In the electron reference frame, the scattered radiation frequency (ωR) suffers of a Doppler shift:
ωR = ω
√
1 − βd
1 + βd
, (4.13)
where ω is the incident radiation frequency, and βd = vd/c. In the laboratory reference frame the
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Figure 4.3: Characteristic orbits of free electrons in a plane e.m. wave in the average rest frame.
The trajectories correspond to the case a = 1.3.
Figure 4.4: a) Polar plot of the intensity (arbitrary units) of the 2nd harmonic light as a function
of azimuthal (φ in degrees) angle for 0.8 J pulse energy and 6.2 × 1019 cm−3 electron density. b)
Polar plot of the intensity (arbitrary units) of the 3rd harmonic light as a function of azimuthal (φ
in degrees) angle for 0.8 J pulse energy and 6.2 × 1019 cm−3 electron density. Both taken from
[Chen et al., 1998].
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scattered radiation experiences a second Doppler shift, and the detected frequency becomes
ωdetected = ωR
√
1 − β2d
1 − βd cos θ , (4.14)
where θ is the angle between the radiation wave vector and the laser propagation direction.
Finally, the radiation spectrum undergoes a Doppler broadening essentially depending on the
peak intensity I0 and the observation angle θ, given by [Gao, 2004]:
∆ω = −nω0
[
(1 − cos θ)(1/2pic)reλ2I0
γ0mc2 + (1 − cos θ)(1/2pic)reλ2I0
]
, (4.15)
where n is the harmonic order.
4.2.3 Thomson Scattering of a laser pulse by an underdense plasma
Thomson Scattering of a laser pulse by plasma electrons exhibits different features from the single
electron case [Esarey et al., 1993]. First, the interactions between plasma electrons, which may
induce coherent scattering, must be included. Second, the effect due to the space-charge potential,
which inhibits the drift motion of the electrons in the direction of the incident laser pulse, must be
considered.
Let’s consider a cold plasma approximation. A peculiar behaviour of plasmas is the so-called
Debye shielding [Krall and Trivelpiece, 1986], that is the capability to shield an externally applied
electric field. This property is associated with a characteristic length, the Debye length λD:
λD =
√
kBTe
4pie2ne0
≈ 743
√
T [eV]
ne0[cm−3]
[cm], (4.16)
where kB is the Boltzmann constant, Te is the electron temperature and ne is the electron density.
Debye length defines the characteristic length over which electrons may show coherent behaviour
respect to the externally applied electric field. Hence, for λL << λD, Thomson Scattering by
plasma electrons is expected to show an incoherent nature, and the total scattered power is ex-
pected to be proportional to the number of scattering electrons (i.e. to the electron density). For
λ >> λD, instead, Thomson Scattering may show a coherent behaviour. In particular, coherent
Thomson Scattering may introduce harmonics of the incident radiation frequency in the scattered
radiation spectrum, and the scattered radiation power turns out to be proportional to the square of
the electron density.
By assuming, for our case, a typical plasma electron temperature of the order of 1 KeV , the
Debye length can be estimed to be λD ≈ 30 nm. Hence, λL ≈ 800 nm >> λD and coherent Thom-
son Scattering may be expected. Nevertheless, it turns out [Chen et al., 1998, Gibbon, 2005] that
such coherently scattered radiation suffers destructive interference, except in the forward direc-
tion. Since we observe 90◦ Thomson Scattering, we expect our signal to have a weakly coherent
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nature.
4.2.4 Electrons motion in laser and space-charge fields
Let’s describe the laser and the space-charge fields using the normalized vector and scalar poten-
tials ~a = e~A/mec2 = a0eˆx cos(k0ζ) (where ζ = z−ct), and φˆ = eφ/mec2, respectively. By assuming
a 1D approximation, which is possible when the beam size r0 is greater than the laser wavelength
λL, and a linearly polarized laser, the electron equation of motion will be calculated.
Under these conditions, the relativistic Lorentz equation governs the electron motion in the
fields ~a and φˆ:
1
c
d
dt
~u = ~∇φˆ + 1
c
∂
∂t
~a − ~β × (~∇ × ~a), (4.17)
where ~β = ~v/c is the normalized electron velocity, ~u = ~p/mec = γ~β is the normalized electron
momentum, and γ = (1 + u2)1/2 = (1 − β2)−1/2 is the Lorentz relativistic factor. In the 1D
approximation any fields depend on the variable ζ = z − ct.
By applying the conservation of the canonical transverse momentum, and the conservation of
the energy in the wave frame, the non-linear motion of electrons in the potentials ~a and φˆ can be
described in terms of the fields [Esarey et al., 1993]:
βz =
h20 − (1 + a2)
h20 + (1 + a
2)
, (4.18)
γ = (h20 + 1 + a
2)/2h0, (4.19)
~β⊥ =
~a⊥
γ
, (4.20)
(4.21)
where h0 = γ0(1 + β0) + φˆ.
By means of the continuity equation:
1
c
∂
∂t
ne + ~∇ · (ne~β) = 0, (4.22)
and the Poisson equation:
∇2φˆ = k2p
(
ne
n0
− 1
)
, (4.23)
it is possible to calculate the highly non-linear, self-consistent electrostatic potential induced by
the interaction between the plasma electrons and the laser field [Esarey et al., 1993]:
d2
dζ2
Ψ =
kˆ2p
2
[
(1 + a2)
(1 + Ψ)2
− 1
]
, (4.24)
where Ψ = φˆ/γ0(1 + β0), and kˆp = kp/γ
3/2
0 (1 + β0).
A simple solution can be found in the long-pulse limit, in which the temporal variation of the
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laser envelope τL is greater than the effective plasma period (ckˆp)−1. In this limit, the left-hand
side of Eq. (4.24) can be neglected, and we obtain Ψ ≈ (1 + a20/2)1/2, valid for pulse length
Lp = cτL >> λL. Consequently:
h0 = (1 + a20/2)
1/2 (4.25)
is found.
It is now possible to calculate the electron orbits as a function of ζ. We directly report the
results obtained in Ref. [Esarey et al., 1993] for a laser pulse linearly polarized along x, by ne-
glecting terms of order λL/Lp:
ux = a0 cos(k0ζ), (4.26)
uy = 0, (4.27)
uz =
[h20 − (1 + a20 cos2(k0ζ))]
2h0
, (4.28)
hence:
x(ζ) = x0 + r1 sin(k0ζ), (4.29)
y(ζ) = y0, (4.30)
z(ζ) = z0 + β1ζ + z1 sin(2k0ζ), (4.31)
where
r1 =
a0
h0k0
, (4.32)
z1 = −
a20
8h20k0
, (4.33)
β1 =
(1 − 1M0 )
2
, (4.34)
with M0 = h20/(1 + a
2
0/2). In the long pulse limit, Eq. (4.25) leads to M0 = 1. The average axial
drift velocity of the electrons can be written as:
β¯z =
M0 − 1
M0 + 1
. (4.35)
The last expression shows that, in the long-pulse limit, the average drift velocity is null, because
of the balance between the ponderomotive force and the space-charge force set up during the rise
of the laser pulse.
4.2.5 90◦ Thomson Scattering radiation in the long-pulse limit
By using the Lienard-Wiechert potentials [Jackson, 1999], the intensity radiated per frequency ω,
per solid angle Ω, during the interaction time T , in the direction of observation ~n, by a single
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electron can be calculated, by knowing its orbit ~r(t) and ~β(t):
d2I
dωdΩ
=
e2ω2
4pi2c
∣∣∣∣∣∣
∫ T/2
−T/2
dt[~n × (~n × ~β)] exp
[
iω
(
t − ~n · ~r
c
)]∣∣∣∣∣∣2 . (4.36)
From Eq. (4.36) follows that the scattered radiation will be polarized in the direction of the
vector ~n×(~n×~β). Let’s write I = Iθ+ Iφ, where Iθ, φ are the intensities radiated with polarizations in
the ~eθ, φ directions, respectively. The intensity Iθ, radiated along our observation direction (θ, φ =
pi/2), is:
d2Iθ
dωdΩ
=
e2ω2
4pi2c3
∣∣∣∣∣∣
∫ Lp/2
−Lp/2
dζ
(
− dz
dζ
)
exp(iψ)
∣∣∣∣∣∣2 ≈ 0, (4.37)
where ψ = ζ − z−y = ζ − z0− z1 sin(2k0ζ)−y0. It is Iθ ≈ 0 because the slow part (ζ-integrated over
the pulse length) of uz = h0dz/dζ is zero (cf. with Eq. (4.35)). Hence, the 90◦ Thomson scattered
radiation has the same polarization, along ~eφ, as the incident one. It results:
d2Iφ
dωdΩ
=
e2ω2
4pi2c3
∣∣∣∣∣∣∣
∫ Lp/2
−Lp/2
dζ
a0
(1 + a20)
1/2
cos(k0ζ) exp[ikψ]
∣∣∣∣∣∣∣
2
. (4.38)
By using the Bessel identity
exp(ib sinσ) =
∞∑
n=−∞
Jn(b) exp(inσ), (4.39)
where Jn are the Bessel functions, it is possible to rewrite the phase factor in order to decom-
pose the scattered intensity into the contributions of the various harmonics. We cross-refer to
[Esarey et al., 1993] for the calculations. We are interested in the following two results.
The first result concerns the frequency shift of the scattered harmonics due to the Doppler
effect, which was found to be very important in the single electron case. The scattered harmonics
can be calculated as:
ωn =
nω0
1 − β1(1 + cos θ) . (4.40)
Hence, in our long-pulse limit (β1 ≈ 0) it results ωn ≈ nω0: the Doppler shift effect is negligible.
Also the Doppler widening is found to be negligible.
The second result is that, in the relativistic limit, it is possible to define a critical harmonic
number [Kotaki et al., 2000, Esarey et al., 1993]:
nc ≈ 3a30/4 (4.41)
for the asymptotic spectrum (near the axis, θ = 0) of the scattered radiation in our plane of interest
φ = pi/2 (normal to the plane that contains the electron orbits), such that for n > nc the harmonics
intensity falls off very rapidly. In our case, a0 ≈ 1.3 (in the focal spot) leads to nc ≈ 1.6, that is
no relevant harmonics production in the plane φ = pi/2. Nevertheless, self-focusing mechanisms
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could enhance significantly the a0 value. For example, in order to obtain nc > 2, only a0 > 1.4
is needed. But it is found (cf. [Esarey et al., 1993]) that the nc-harmonic, in the plane φ = pi/2, is
emitted over an angle θv ≈ 2/h0, nc from the propagation axis. For nc > 2, which implies a0 > 1.4
and h0 > 1.4, we have θv < 82◦. Our 90◦ Thomson Scattering system collects radiation over
angles 84◦ < θ, φ < 96◦ (cf. 4.2), hence only radiation scattered at the same frequency as the
incident radiation (first harmonic) can be detected.
For all these reasons, our observed emission can be described as incoherent Thomson Scatter-
ing, for which the emitted radiation has the same wavelength, and polarization, as the incident one.
We wish to notice that, according to the interaction geometry depicted in Fig. 4.1, the collected
radiation is integrated along the line of sight (y direction). By assuming a cylindrical symmetry (z
is the best symmetry axis), the Thomson flux on the detector can be expressed as an Abel integral
(cf. section 3.4.2) of the form [Gibbon et al., 1995, Gibbon et al., 1996, Chiron et al., 1996]:
ΦThomson (y, z) ∝ 2
∫ R(z)
y
ne (r, z)
∣∣∣∣∣a (r, z)γ (r, z)
∣∣∣∣∣2 r√r2 − y2 dr, (4.42)
where R (z) is the transverse dimension of the scattering region. The Thomson flux is proportional
to the incident intensity (I (r, z) ∝ a2 (r, z)), to the plasma electron density ne (as a consequence
of its incoherent nature), to the transverse dimension of the scattering region R (z), and to the term
1/γ2 (r, z), which derives from the relativistic generalization of the mass term in the Thomson
Scattering differential cross section (4.8).
4.3 Thomson Scattering diagnostic as a shot-to-shot monitor of the
interaction region
In Fig. 4.5, an example of Thomson Scattering image is shown. Pulse is coming from the right
hand side. The green vertical line identify the position of the edge of the nozzle facing the incom-
ing pulse. The two yellow horizontal lines roughly show the FWHM size of the scattering region
at the end of its longitudinal extent, which more or less coincide with the FWHM size of the main
part of it. Finally, the blue lines show how vacuum diffracting pulse size would evolve.
This image clearly shows that laser pulse propagates over more than 300 µm, keeping an
intensity able to ionize nitrogen gas, and giving rise to detectable Thomson Scattering, before that
pump depletion stops this process. Some non-linear refractive effects may cause pulse envelope to
propagate at a roughly constant beam size.
4.4 Thomson Scattering diagnostic for detection of non-linear prop-
agation effects
Eq. (4.42) shows the dependence of the Thomson Scattering flux on three parameters: the lo-
cal plasma electron density ne (r, z), the size of the scattering region R (z) and the local laser
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Figure 4.5: Thomson Scattering image obtained in the nominal optimized conditions for electron
bunches acceleration in nitrogen gas-jet described in chapter 3. Double reflection inside the beam
splitter (cf. Fig. 4.1) introduce imperfections visible in the lower part of this and all the other
Thomson images.
strength parameter a (r, z). Thomson flux is proportional to a2 (r, z), and inversely proportional to
γ2 (r, z) = 1 + a2 (r, z) /2, because of the inverse dependence of the Thomson Scattering differen-
tial cross section on the scattering particle mass.
In the non-relativistic regime (a2 << 1) we have γ2 ≈ 1, and the Thomson flux turns out to
be proportional to the product neI integrated, according to Abel formula, along the line of sight.
If an initially uniform plasma density distribution is assumed, and non-linear propagation effects
are disregarded (also the condition P < Pc is requested), it can be found that Thomson Scattering
intensity distribution pattern “reproduces” laser pulse intensity distribution pattern. In particular,
Thomson flux intensity peaks coincide with laser pulse intensity peaks, and vice versa. In this case,
disregarding all possible sources of density perturbations, the laser pulse intensity distribution can
be retrieved from Thomson flux by a simple Abel inversion of Eq. (4.42).
In the relativistic regime (a2 & 1), the characteristic features of Thomson Scattering flux
images change in a not obvious manner. As much as the ultra-relativistic regime is approached
(a2 >> 1) ∣∣∣∣∣a (r, z)γ (r, z)
∣∣∣∣∣2 ≈ 2 (4.43)
and the Thomson Scattering flux turns out to be proportional to the local electron plasma density
ne, instead of the product neI. Taking into account a propagation regime (P > Pc) in which
relativistic self-focusing and, as a consequence, strong ponderomotive self-channeling may occur,
the modulations of the beam size (cf. Fig. 2.6) and of the electron plasma density (cf. Figs.
2.7, 2.8) strongly affect the Thomson Scattering flux images. In this case, the pulse intensity
(∝ a2 ∝ exp
(
−r2/r20
)
for a Gaussian-shaped pulse) maximizes where the plasma electron density
ne and the transversal dimension of the scattering region R (z) minimize. The resulting Thomson
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flux longitudinal pattern is expected to follow the density pattern, that is to be the converse of the
intensity pattern [Gibbon et al., 1995, Gibbon et al., 1996, Chiron et al., 1996].
For what stated up to now, Thomson Scattering diagnostic shows severe limits to quantita-
tively measure laser-plasma interaction parameters. In fact, besides the reasonable approximation
of axial symmetry in the pulse and plasma distribution shapes, Abel inversion requires the knowl-
edge of the local values of two of the three parameters ne (r, z), a2 (r, z) and R (z). While R (z)
can obviously be directly estimated from Thomson flux images, the use of another diagnostic to
measure ne (r, z) [I (r, z)] is needed in order to be able to use Thomson flux measurements to de-
termine I (r, z) [ne (r, z)]. Moreover, our images shows time-integrated Thomson emission over
the whole duration of the interaction (on the picosecond time-scale), so only structures with a
temporal coherence of the order of laser pulse duration τL, corresponding to spatial longitudinal
lengths > 10 µm, can be detected.
Density measurements performed in our experiment with optical interferometry does not al-
low to reconstruct the plasma electron density profile with the spatio-temporal resolution required
to quantitatively characterize the pulse intensity during propagation. These experimental difficul-
ties in using Thomson Scattering by plasma electrons measurements to directly determine one
of the involved parameters are common to all the experimental studies that can be found in lit-
erature [Esarey et al., 1993, Gibbon et al., 1995, Gibbon et al., 1996, Chiron et al., 1996]. Hence,
Thomson Scattering is usually considered, besides as an important experimental tool to monitor
the shot-to-shot interaction conditions in terms of interaction length and pulse collimation, as a
semi-quantitative diagnostic, the results of which can be analyzed to find measurable signatures
characterizing expected non-linear propagation effects, in order to make a comparison with the
results of numerical calculations and simulations based on theoretical models of the interaction
conditions of interest.
4.5 Relativistic self-focusing and ponderomotive self-channeling evi-
dences in Thomson Scattering patterns
Plasma electron density and laser pulse intensity distributions, obtained by theory and simulations,
can be used to reproduce Thomson Scattering flux profiles according to Eq. 4.42.
In Ref. [Gibbon et al., 1996], experimental Thomson profiles obtained in both non-relativistic
and relativistic regimes are compared with theoretical Thomson profiles obtained by solving a
steady-state paraxial wave-envelope equation, with an index of refraction which takes into ac-
count the plasma response to the ponderomotive force [Gibbon et al., 1995]. Similar procedure
is followed also in Ref. [Chiron et al., 1996], and measurable signatures of the relativistic self-
focusing and ponderomotive self-channeling affecting pulse propagation in underdense plasmas
are identified. The laser pulse “normalized intensity” a2/a20, and the Thomson flux ΦT as a func-
tion of the position along the propagation axis z at r = 0, obtained in Ref. [Chiron et al., 1996],
are shown in Fig. 4.6.
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Figure 4.6: Laser pulse “normalized intensity” a2/a20 (left column images) and the correspondent
Thomson flux ΦT (right column images) as a function of the position along the propagation axis z
at r = 0, obtained in Ref. [Chiron et al., 1996] with the code PARAX for 2D cylindrical geometry
for: (a), (b) ne0/nc ≈ 0.002 (corresponding to Pc ≈ 8.7TW) and P ≈ 1TW; (c), (d) ne0/nc ≈ 0.005
(corresponding to Pc ≈ 3.5 TW) and P ≈ 3 TW; (e), (f) ne0/nc ≈ 0.005 (corresponding to
Pc ≈ 3.5 TW) and P ≈ 10 TW; (g), (h) ne0/nc ≈ 0.01 (corresponding to Pc ≈ 0.2 TW) and
P ≈ 10 TW and (i), (j) ne0/nc ≈ 0.008 (corresponding to Pc ≈ 2.2 TW) and P ≈ 30 TW. Figure
taken from [Chiron et al., 1996].
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Fig. 4.6(a),(b) show calculated intensity profiles in case of focusing dominated by diffraction
(P << Pc). In this case, Thomson flux pattern “reproduces” laser intensity pattern, showing a
single peak structure. In Fig. 4.6(c),(d), for which P . Pc, focusing together with electron cavita-
tion in correspondence to laser intensity peak results in a characteristic “two-peak” pattern of the
Thomson flux. This feature has been explained in terms of efficiency of the Thomson Scattering:
where electron cavitation occurs, Thomson Scattering is less efficient. Fig. 4.6(e),(f), correspond-
ing to the case P ≈ 3Pc in which relativistic self-focusing occurs together with electron cavitation,
show the characteristic “multiple-focalization” of the laser pulse due to envelope modulations.
This typical envelope modulation has been reproduced also by our simplified model of subsection
2.5.2. The “multi-peak” pattern of Thomson flux is a signature of the occurrence of relativistic
self-focusing and ponderomotive self-channeling during pulse propagation. Figs. 4.6(g),(h) and
4.6(i),(j), obtained for higher values of P/Pc ratios, show stable guiding and pulsating guiding, re-
spectively. Both are characterized by multiple, regularly spaced peaks in the Thomson flux pattern.
The former shows a more flat profile in correspondence to the non-pulsating, guided propagation
length, whereas the latter shows a sharper peak structure throughout its whole longitudinal length.
4.5.1 Results and discussion
Experimental Thomson Scattering flux images are converted from PEF3 to Tiff format by software.
Then with OriginLab it is possible to operate a standard conversion from the “3 samples per pixel”
RGB colourspace of the Tiff colour image to grayscale, which associate a single sample to each
pixel carrying only intensity information [Lee, 2005]).
A longitudinal Thomson Scattering lineout in 8 bits grayscale units, taken at r = 0, of the
image of Fig. 4.5 is shown in Fig. 4.7. Thomson Scattering flux pattern of Fig. 4.7 shows quite
regularly spaced (40 ÷ 50 µm) stronger intensity modulations throughout its whole longitudinal
extension. By comparison with simulations shown in Fig. 4.6(i),(j), it can be observed the typical
effect of pulsating guiding under the combined effect of relativistic self-focusing and ponderomo-
tive self-channeling. We have also calculated the solution for the normalized laser beam spot size
X = rs/a0r0, versus propagation distance z, for our experimental parameters. It is shown in Fig.
4.8. The spatial modulations are the signature of the combined effect of relativistic self-focusing
and ponderomotive self-channeling. The modulation periodicity shows a length scale of some tens
of microns, in good agreement with that of the Thomson flux.
Weaker modulations at a longitudinal length periodicity of the order of 10 ÷ 15 µm, clearly
visible in Fig. 4.7, may be related to ionization-induced modulation effects according to the mech-
anism described in subsection 2.7.2.
3Tiff is the acronym for Tagged Image File Format. PEF is the Pentax CCD camera type of raw image file. A raw
file is, in general, an image file which contains minimally processed data from the image sensor (CCD in this case). It
needs to be properly processed by a raw converter in a wide-gamut internal colorspace (cf. [Lee, 2005] and subsection
4.6.1) before conversion to a file format such Tiff of Jpeg, ready for manipulations. All these operations are done, here
and in the following, by common software for image processing, and we will not come again on this point. The Tiff
format is chosen because it does not involve any compression process, which leads to information losses, and because
dedicated C++ libraries allow a pixel per pixel manipulation.
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Figure 4.7: Longitudinal Thomson Scattering lineout in 8 bits grayscale units, taken at r = 0, of
the image of Fig. 4.5. Pulse is coming from the left side, longitudinal coordinate “zero” position is
arbitrary. Stronger modulations at a longitudinal length periodicity of the order of 40 ÷ 50 µm are
clearly visible and can be considered as a signature of the occurrence of relativistic self-focusing
and ponderomotive self-channeling during propagation. Weaker modulations at a longitudinal
length periodicity of the order of 10 ÷ 15 µm may be related to ionization-induced modulation
effects.
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Figure 4.8: Normalized laser beam spot size X = rs/a0r0 versus propagation distance z calculated,
according to the model described in subsection 2.5.2, for parameters chosen to correspond to
nominal optimized conditions for electron bunches acceleration in nitrogen gas-jet described in
chapter 3: a0 = 1.3, r (z = 0) = r0 = 5 µm, drs/dz(z = 0) = 0, ZR = 40 µm, P/Pc = 4.
4.6. THOMSON SCATTERING DIAGNOSTIC FOR THE DETECTION OF
IONIZATION-INDUCED LASER FREQUENCY UPSHIFT 81
Figure 4.9: Thomson Scattering image obtained in the nominal optimized conditions for electron
bunches acceleration in nitrogen gas-jet described in chapter 3. Pulse is coming from right. Double
reflection inside the beam splitter (cf. Fig. 4.1) introduce imperfections visible in the lower part
of this and all the other Thomson images. A progressive frequency upshift, over a longitudinal
propagation length of ≈ 300 µm, of the scattered radiation from the original near infrared laser
frequency (λL0 = 800 nm) up to green coloured light (around ≈ 500 nm) is clearly visible.
4.6 Thomson Scattering diagnostic for the detection of ionization-
induced laser frequency upshift
Fig. 4.9 shows another example of Thomson Scattering image. A progressive, large (≈ 300 nm)
frequency upshift, over a longitudinal propagation length of ≈ 300 µm, from the original (near
infrared) laser wavelength (λL0 = 800 nm) up to green (around ≈ 500 nm) is clearly visible.
The frequency upshift is confirmed by time and space integrated spectrum, shown in Fig. 4.10,
acquired with the fiber spectrometer placed as shown in Fig. 4.1. This effect is found over a large
number of Thomson Scattering images. In section 4.2, we have seen that, in our conditions, 90◦
Thomson scattered light has the same frequency as the incident one. Hence, frequency upshift has
affected the laser pulse itself.
In the following, the progressive frequency upshift will be explained in terms of laser pulse
self-phase modulation induced by its interaction with the co-propagating ionization front, as de-
scribed in subsection 2.7.3. In order to quantitatively describe the longitudinal upshift of the
frequency, a calibration algorithm for the estimation of the wavelength from the RGB values
in the Tiff images is presented. The importance to be able to give a wavelength estimation di-
rectly from Thomson Scattering images is easily explained. In the great part of the literature (e.g.
[Chessa et al., 1999, Li and Fedosejevs, 1996, Wood et al., 1993]) dedicated to the experimental
investigation of ionization-induced frequency upshift, the spectrum of the transmitted pulse has
been measured. In this way, only information on the pulse spectral content after interaction is
retained. By analyzing incoherent 90◦ Thomson Scattering images, an experimental study of the
upshift process of the laser pulse as a function of the propagation distance can be done. Spatial
and temporal spectral resolution are related to the interaction geometry. Transversally, the scat-
tered light is integrated along the line of sight. Temporal resolution is fixed by the pulse duration.
This temporal resolution induces, according to the interaction geometry, the longitudinal spectral
resolution.
We will compare experimental data with the overall frequency upshift that can be predicted
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Figure 4.10: Time and space integrated spectrum of the light collected by the fiber spectrometer
matched with the Thomson Scattering diagnostic (cf. Fig. 4.1). All the plasma 90◦ emitted light
with frequency in the spectrometer sensitivity range [400 ÷ 880] nm contributes. A “continuum”
generation up to 500 nm wavelength is confirmed.
according to Eq. (2.43).
4.6.1 The RGB to wavelength conversion algorithm
Our 90◦ Thomson Scattering image grab system consists on the Charge-Coupled Device (CCD)
sensor of a commercial Pentax K100D Super digital camera. The CCD sensor is a photoactive
region made up by a properly doped epitaxial4 sylicon layer, which can be thought as a mask
of capacitor arrays. Light impinging on the CCD surface causes each capacitor to accumulate an
electric charge proportional to the light intensity at that location. Then a control circuit causes each
capacitor to transfer its contents to its neighbour, operating as a shift register. The last capacitor
in the array dumps its charge into a charge amplifier, which converts the charge into a voltage. In
the specific case of digital colour cameras, a so called Bayer mask is placed over the photoactive
region. It consists of a grid of coloured filters, which size coincides with a pixel, arranged as
shown in Fig. 4.11. Each square of four pixels has one filtered red, one blue, and two green5,
hence the signal recorded by each pixel is proportional to the incident intensity “multiplied” by a
certain “spectral sensitivity”, fixed by the coloured filter. As a result, an information on the spectral
content of the incident light is recorded. Finally, the entire content of the array is converted to a
sequence of voltages that are sampled, digitized and stored in memory (the so called raw file). The
obtained raw file of the colour image needs to be processed and converted in a proper colour space
in order to be visualized, printed or manipulated.
4Epitaxy refers to the method of depositing a monocrystalline film on a monocrystalline substrate. The deposited
film is denoted as epitaxial film or epitaxial layer.
5This is due to the fact that the human eye is more sensitive to green than either red or blue. In fact the main purpose
of all the image rendering techniques, especially for commercial digital camera devices, is to reproduce images as close
as possible respect to the human eyes perception.
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Figure 4.11: Schematic diagram of a Bayer mask. A grid of coloured filters, which size coincides
with a pixel, is arranged in such a way that each square of four pixels has one filtered red, one
blue, and two green.
A colour space is defined by a colour model (e.g. RGB), that is an abstract mathematical
model describing the way colors can be represented as tuples6 of numbers, and a certain mapping
function between the colour model and a so called “gamut” (or absolute colour space), that is a
certain complete subset of colors constituting an absolute reference, in which the interpretations
of colors are colorimetrically defined without reference to external factors7. The processed file is
finally saved in proper file format such as TIFF.
In our case RGB images, based on sRGB gamut, are stored in Tiff file format. RGB is a colour
model in which three “primary” colours red (R), green (G), and blue (B) are added together in
various ways to reproduce a broad range of colours. Each pixel value is the result of a proper
average of its correspondent pixel on the Bayer mask and its neighbours, in order to have a “pixel-
per-pixel” colour value of the incident light. Those values are properly encoded as 24-bits per pixel
(8 bits for each channel R, G, B). Usually the encoding process includes a “gamma” correction,
that is a proper “power-law” correction in order to match the non-linear input/output characteristic
functions of typical monitor devices [Lee, 2005].
Many empiric models to assign RGB values to wavelengths in the visible spectrum has been
proposed. The most referred one was proposed, in 1996, by Dan Bruton, who wrote a FORTRAN
[Bruton, 1996] code able to assign approximated RGB values to visible wavelengths. In the model,
the RGB values are assumed to vary linearly with wavelength in the range [420, 700] nm. For
each wavelength value, the larger channel value is equal to the maximum 8-bits value (255), the
smaller one is zero, and the third channel has a value in the interval [0, 255] such that its ratio to
the larger one properly identify the wavelength. At the borders of the visible spectrum (700 nm <
λ < 780 nm and 380 nm < λ < 420 nm), a proper “gamma” correction is introduced to let the
6In mathematics and computer science, a tuple is an ordered list of elements.
7sRGB is accepted by the International Electrotechnical Commission (IEC) and the International Standards Organi-
zation (ISO) as the default, absolute colour space for multimedia applications
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Figure 4.12: Approximated RGB vs wavelength values plot, according to Dan Bruton model.
Taken from [Bruton, 1996].
Figure 4.13: RGB images of Dan Bruton method generated spectra of a) visible light, b) Hydrogen
Balmer absorption and c) emission series. The upper graduated scales account for frequency in
THz whereas the lower are for wavelegth in nm. These images are generated with the program
“Spectra” [Glynn, 2006], based upon the Dan Bruton algorithm.
intensity fall off near the vision limits. The resulting RGB vs wavelength values plot, according
to Dan Bruton model, are shown in Fig. 4.12. In particular, it has to be noticed that the algorithm
cannot distinguish between frequencies in the interval [645, 700] nm, which are all identified by
R = 255, G = B = 0. Dan Bruton tested this method by generating visible and Hydrogen Balmer
absorption and emission spectra shown in Fig. 4.13.
Starting from Bruton model, an algorithm able to extract longitudinal wavelength lineouts
from Thomson Scattering images has been developed. Making use of dedicated Libtiff libraries,
a C++ program was written to manipulate the Tiff image files, in order to select the region of
interest for the longitudinal lineout, extract the pixel-per-pixel values and perform the calculations
needed to obtain the corresponding wavelength. The algorithm final result is the wavelength as a
function of the propagation distance in microns.
Bruton method assumption of RGB values linearly varying with wavelength enables us to in-
vert the RGB vs wavelength relations plotted in Fig. 4.12. A wavelength in the range [420, 645] nm
is then associated to a ratio between two RGB channel values, being the third set to zero. This
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Source Colour Wavelength (nm)
He:Ne Red 632.8
He:Ne Green 543.5
Sodium lamp Yellow 588.9
Sodium lamp Yellow 589.5
Mercury lamp Yellow/Green 578.9
Mercury lamp Yellow/Green 576.9
Mercury lamp Green 546.0
Mercury lamp Blu 435.8
Table 4.1: Spectral frequencies from mercury-vapor and sodium spectral lamps and He-Ne lasers
sources used to test the RGB to wavelength conversion algorithm.
condition of only maximum two channels per pixel having non-zero values is experimentally ver-
ified once the background subtraction has been performed on Thomson Scattering images. The
last requirement is that the ratio between the two non-zero RGB channel values of an image pixel,
which identifies a certain wavelength, has to be considered independent from the absolute value
of the larger channel. This approximation is equivalent to consider a linear RGB response to the
incident light intensity until saturation occurs8.
The region to be calibrated is selected by giving in input to the program a row i of the Tiff image
file, which can be considered as a matrix of pixels. The program makes an average of the RGB
values over a 20 pixels transversal (x direction) size, and generates a test file containing the spatial
position of the pixel with respect to the beginning of the interaction region, the corresponding
averaged RGB values and the resulting wavelength, calculated by applying the algorithm.
We tested the RGB to wavelength conversion algorithm by a simple experiment. The slit of a
monochromator was lighted up with different sources (listed in Table 4.1), and imaged with a 10cm
focal length achromatic doublet on the CCD camera. By varying the aperture of the monochro-
mator slit and the exposure time of the CCD camera, the conversion algorithm performances at
different image saturation levels was obtained. The maximum error in estimating wavelength
through the conversion algorithm was ≈ 35 nm, with a significant reduction around 20 nm when
the intensity (i.e. the image saturation level) is increased to high values (larger channel gtrsim200).
Although with poor spectral reliability, compared to a spectrometer, the described method
allowed us to estimate the large frequency upshift of the laser pulse, shown by Thomson Scattering,
retaining information about its dynamics as long as propagation goes on.
4.6.2 Results and discussion
Fig. 4.14 shows the lineout of the Thomson scattered light wavelength as a function of the propa-
gation distance relative to the image of Fig. 4.9. The region of interest has a 20 pixels (≈ 13.6 µm)
transversal size and is chosen to coincide with the central portion of the scattered light intensity
8The CCD response to the incident intensity is not linear, actually. For this reason, the algorithm was tested on
images obtained by imaging quasi-monochromatic, known wavelength light from He-Ne laser and Sodium andMercury
spectral lamps at different intensities.
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Figure 4.14: Lineout of the Thomson scattered light wavelength as a function of the propagation
distance relative to the image of Fig. 4.9.
distribution. The laser pulse is propagating from the left to the right side. The first 80 µm length
of propagation on Fig. 4.9 corresponds to frequency values outside the interval [420, 645] nm on
which the reliability of our RGB to wavelength conversion algorithm is expected. A minimum
wavelength of ≈ 507 nm after a propagation distance of ≈ 250 µm is measured. Since we know
the initial laser wavelength to be λL = 800 nm, a total shift of ≈ 300 nm is measured. Two “sharp
gradients” in the wavelength profile are visible. The first one comes with an evident enlarge-
ment of the Thomson emission region, which may be related to pulse defocusing, and involves a
≈ 45 nm wavelength shortening over a ≈ 30 µm propagation length centered around z ≈ 160 µm,
corresponding to the “red-to-yellow” colour shift on Fig. 4.9. The second involves a ≈ 80 nm
wavelength shortening over a ≈ 25 µm propagation length centered around z ≈ 220 µm, and it
corresponds to the “yellow-to-green” colour shift on Fig. 4.9.
As already seen in the second chapter, a laser pulse propagating in a gas-jet undergoes the
combined effects of several non-linear mechanisms. In particular, relativistic self-focusing and
ponderomotive self-channeling act against diffraction and ionization-induced defocusing. Hence,
the pulse envelope evolution and, as a consequence, the pulse intensity distribution are determined
by the balance of those effects, which may trigger various types of instabilities.
In case of a multiple-ionizing gas, as Nitrogen, the pulse evolution under the combined action
of those effects is characterized by a self-defocusing/focusing dynamics (cf. [Kumar et al., 2005,
Kumar and Tripathi, 2006]). When focusing mechanisms are dominant, the pulse undergoes a
characteristic “pulsating guiding” such that observed in section 4.5, and pulse intensity is expected
to progressively decrease mainly as a consequence of pulse energy depletion. When ionization
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Ionization Stage Ionization Energy (eV) Intensity Threshold (W/cm2)
N+1 14.5 1.8 × 1014
N+2 29.6 7.7 × 1014
N+3 47.4 2.2 × 1015
N+4 77.7 9.1 × 1015
N+5 97.9 1.5 × 1016
N+6 552 1.0 × 1019
N+7 667 1.6 × 1019
Table 4.2: Ionization energies and the correspondent intensity threshold for barrier suppression
ionization, according to Eq. (1.73), for Nitrogen atom.
dynamics induces defocusing9 to occur (as in Fig. 4.9), pulse intensity is expected to get down
faster.
In Table 4.2 ionization energies, and the correspondent intensity threshold for barrier sup-
pression ionization, according to Eq. (1.73), for Nitrogen atom are listed. For intensity beyond
1018 W/cm2 a rapid ionization up to the fifth stage is expected to be accomplished by the front of
the pulse, whereas intensities for the sixth and seventh stages cannot be reached without evoking
strong pulse self-focusing. Hence, in the laser pulse reference frame the ionization profile exhibits
a “steep” longitudinal gradient at the pulse front, whereas a “flat” profile is expected throughout
the rest of the pulse. Ionization related effects, like defocusing and frequency upshift, are expected
to affect mainly the front of the pulse. The main part of the pulse undergoes a pulsating guided
propagation until pulse depletion mechanisms, related to plasma wave and instabilities growth,
cause the pulse power and intensity to fall off.
When a pulsating guiding regime is set, self-phase modulation by interaction with ionization
front is expected to involve a small portion of the front of the pulse. Although a steeper ionization
front would give rise to a larger upshift, according to Eq. (2.43), the main part of the pulse is not
upshifted, and the observed Thomson Scattering emission wavelength (cf. Fig. 4.5), could exhibit
an upshift only at the end of the propagation length.
In case of laser pulse defocusing (as in Fig. 4.9), due to the mechanisms discussed in chapter
2, ionization up to the fifth level is expected to take longer time to happen, because the ionization
rate is related to the laser field intensity. Hence, the ionization front is expected to longitudinally
“extend” from the pulse front towards the pulse peak, and a great part of the pulse in expected to
undergo frequency upshift. In Ref. [Kato et al., 1998], a PIC code including tunneling ionization is
used to perform simulations of the propagation of a 50 f s FWHM duration laser pulse in Nitrogen
gas at a neutral atom density of 5× 1018 cm−3. By considering N+5 ionization, the plasma electron
density is 2.5 × 1019 cm−3. In Fig. 4.15 the simulation results for the laser pulse shaping, ion
and electron density profiles, and the electrostatic wakefield generated by laser intensity peak of
4 × 1017 W/cm2 after propagating 60 (a, b, c), 380 (d, e, f) and 730 µm (g, h, i) are shown. The
effect of modulation and steepening of the pulse interacting with the ionization front, and a related
9For example, in subsection 2.7.2 ionization-modulation mechanism is described, which induces a guided laser
pulse envelope to undergo modulations and a progressive expansion (cf. Eq. (2.40)), that is to defocus.
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Figure 4.15: Shape of the laser pulse, ion and electron charge density profiles, and the electrostatic
field resulting from PIC simulation for peak laser intensity of 4×1017W/cm2 after propagating 60
(a, b, c), 380 (d, e, f) and 730 µm (g, h, i) respectively. Taken from [Kato et al., 1998].
effect of plasma wave growth and “convective” amplification, are clearly visible.
Here we are interested to estimate the longitudinal length of the ionization front, which for
intensities < 1018 W/cm2 is found to be . 10 µm, corresponding to a characteristic ionization
time of ∆tI ≈ 30 f s. This estimation can be used to evaluate the global frequency upshift after
propagation in Nitrogen gas-jet, as predicted by Eq. (2.43), here reported for convenience:
∆λ = − e
2niλ30L
8pi20mec3
dZ
dt
, (2.43)
where ni is the ion density, which can be estimated as ≈ ne/5 ≈ 1019 cm−3 in our case, and
Z ≈ 5 is the degree of ionization. Under the constraint mentioned, dZ/dt can be approximated by
Zmax(= 5)/∆tI ≈ 0.17 f s−1. By taking the initial laser frequency λ0 = 800 nm and the propagation
distance L ≈ 250 µm, Eq. (2.43) predicts ∆λ ≈ −320 nm, which is in good agreement with our
experimental result.
The agreement between the estimation made up by means of Eq. (2.43) and the data shown in
Fig. 4.14 can be considered a good evidence for our model relating frequency upshift to ionization-
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Figure 4.16: Normalized laser beam spot size X = rs/a0r0 versus propagation distance z, cal-
culated in the same conditions of Fig. 4.8 for λ1 = 500 nm (P/Pc,1 ≈ 1.5) and λ2 = 800 nm
(P/Pc,2 ≈ 4). The reduction in the efficiency of the focusing mechanism can be noticed
induced laser pulse self-phase modulation. Our analysis is not capable to take into account the
details of the progressive frequency upshift as the pulse undergoes non-linear propagation inside
the gas-jet. What is required is a full 3D PIC simulation of the laser pulse propagation using a
code able to auto-consistently account for plasma creation by optical field ionization of Nitrogen
gas. Only such kind of approach can handle the combined effects of all the non-linear refrac-
tive mechanisms acting on the pulse, and in particular of the complex dynamics of interaction of
the pulse with a ionization front. Nevertheless, the present work shows how a proper analysis
of Thomson Scattering emission enables to experimentally measure the progressive longitudinal
frequency upshift as a function of the propagation length.
Another confirmation of our model is the fact that no such large frequency upshift effects
are found for laser pulses propagating in Helium gas-jet. In fact, He atoms complete ionization is
accomplished for an intensity threshold of 8.8×1015 and has a very faster dynamics, being a “two-
stage” process. Moreover, ionization-induced effects like defocusing or modulation instability,
which affect propagation in Nitrogen causing pulse defocusing, are not expected to strongly affect
propagation in Helium.
Finally, laser frequency upshift has a detrimental feedback on the main pulse refractive guiding
mechanism: relativistic self-focusing. As described in section 2.4, relativistic self-focusing occurs
when the laser power exceeds a critical power given by:
Pc[GW] ≈ 17.4ncne , nc =
meω2L
4pie2
,
which has a ω2L dependence. This ω
2
L dependence of the critical power Pc states that in case
of frequency upshift the efficiency of relativistic self-focusing decrease. A direct comparison
between normalized laser beam spot sizes (X = rs/a0r0) versus propagation distance z, calculated
in the same conditions of Fig. 4.8 for λ1 = 500 nm (P/Pc,1 ≈ 1.5) and λ2 = 800 nm (P/Pc,2 ≈
4), is shown in Fig. 4.16. The reduction in the efficiency of the focusing mechanism can be
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noticed. When relativistic self-focusing has to compete with ionization-induced defocusing, pulse
defocusing and frequency upshift effects show a reciprocal feedback.
From what stated up to now, ionization-induced processes are expected to have a detrimen-
tal effect on laser wakefield acceleration. Ionization-induced defocusing acts against refractive
guiding, and it is expected to cause the shortening of the effective acceleration length. More-
over, ionization-modulation instability, like other instability mechanisms, is expected to reduce
the stability and the shot-to-shot reproducibility of the acceleration mechanism. Finally, frequency
upshift is expected to reduce relativistic self-focusing efficiency.
Nevertheless, frequency upshift could have an experimental interest, beside the theoretical
one, in order to perform controlled upshift of laser pulse frequency by proper propagation in a
ionizing gas. Further studies are required in order to find the reliability of the purpose of exploiting
ionization-induced self-phase modulation for the development of new coherent light sources.
Chapter 5
Conclusions
In the present thesis, the propagation of an ultra-short, intense laser pulse in gases and underdense
plasmas has been studied, in order to achieve a better insight on the non-linear physics underlying
several processes, which play a major role in the laser-plasma electron acceleration scheme.
Thomson Scattering emission by plasma electrons, interacting with the laser pulse, has been
demonstrated to provide a useful diagnostic for “shot-to-shot” monitoring the interaction condi-
tions, and the pulse evolution during laser pulse propagation in gas-jets.
The obtained results may give a significant contribution in the comprehension of non-linear
propagation. In particular:
1. they allowed us to characterize laser-plasma interaction regimes favorable to electron accel-
eration;
2. they have demonstrated the process of laser frequency upshift, related to the gas ionization,
to occur at a considerably large, maybe unprecedented amount. The outstanding spatial and
temporal features of laser frequency upshift process have been obtained, allowing for its
experimental reproducibility.
The present work is expected:
1. to advance laser-plasma electron acceleration technique, in particular for those schemes,
based on moderate power laser systems, in which non-linear effects are expected to play a
major role in the set up of the acceleration regime. Accelerators based on moderate power
laser systems are especially propitious for practical applications, in particular in the biomed-
ical field;
2. to provide a starting point for the development of an experimental technique enabling con-
trolled modifications of the spectrum of an ultra-short laser pulse;
3. to improve diagnostic tools for laser-plasma interaction studies.
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